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Current understanding of sensitivity and sensation experienced across the ocular surface remains 
limited.  This project explored the regional variation of corneal sensitivity and transducer function, 
interaction of sensory and autonomic nerves in the lacrimal functional unit, and the ocular surface 
sensitivity in Dry Eye and with silicone hydrogel (SH) lens wear. 
Experiments were undertaken, using Belmonte esthesiometer to deliver pneumatic mechanical, 
chemical and thermal stimuli and Cochet-Bonnet esthesiometer for tactile stimuli, to the cornea and 
conjunctiva.  Psychophysical methods were used to determine the thresholds of stimulus detection, 
and the magnitude of sensations to suprathreshold stimulation was estimated assuming Steven’s 
power law.  Additionally, tear secretion in response to corneal sensory input was determined by tear 
meniscus height measured using Optical Coherence Tomography. 
Sensitivity to pneumatic cool and mechanical stimuli varied slightly across the cornea while 
chemical sensitivity was not different between regions.  The transducer function was also similar 
between central and peripheral cornea but different between stimulus modalities.  In comparison, the 
reflex tearing response to suprathreshold stimuli was greater with central corneal stimulation.  Also, 
corneal and conjunctival hypersensitivity was found in the dry eye symptomatic group, and it 
appeared to be associated with symptom severity, tear film stability and corneal epitheliopathy.  
Refitting with SH lenses after an initial no-lens interval led to increased conjunctival pneumatic 
mechanical sensitivity, while corneal tactile sensitivity showed a decrease.  In addition, corneal 
staining induced by certain lens-solution combination appeared to be accompanied by increased 
corneal and conjunctival sensitivity. 
In conclusion, the position-invariant corneal sensitivity to pneumatic mechanical, chemical and 
thermal stimuli suggests that the distribution of human corneal sensory fibres may be more 
homogeneous than previously hypothesised.  The mechanisms mediating the sensory aspect of 
corneal nociception may be similar across the cornea, while, perhaps due to the importance of the 
visual axis, the tear reflex response to central and peripheral cornea seems to be driven by different 
neural circuitry, perhaps at the higher levels of the sensory processing pathway.  It appears that 
alteration in sensory processing of the ocular surface occurs in Dry Eye and accompanies SH lens-
solution-induced corneal staining. This altered sensitivity seems to be more prominent in the 
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1.1 Background and research questions 
Understanding the neural mechanisms contributing to corneal and conjunctival sensation is essential 
for gaining insight into more complex issues such as ocular discomfort reported in Dry Eye disease 
(DED), contact lens wear and post refractive surgery. 
The cornea and conjunctiva, which constitute the anterior ocular surface of the eye and are broadly 
subject to environmental challenges, are densely innervated.1-4  This sensory innervation serves 
important reflex functions to protect the eye5-7 and plays important roles in regulating the secretion of 
the tear film thus maintaining a homeostatic environment of the ocular surface.8-11   In addition, 
sensory nerves contribute to local inflammation that (among other things) follows ocular irritation 
through the release of peptides and neurotransmitters from their peripheral endings.12, 13   
Furthermore, together with the sympathetic innervation, they exert various “trophic” or nutritive 
effects on their target cells such as playing roles in epithelial metabolic activity, maintaining the 
cellular integrity of the epithelium, and promoting wound healing of the injured tissues.5-7, 14-17 
The innervation of the cornea and conjunctiva is by the peripheral axons of primary neurons from 
the somatosensory trigeminal system.6   Sensory nerves enter the cornea and conjunctiva via branches 
of the ophthalmic division of the trigeminal nerve (V) and subsequently branch extensively.5-7, 18   The 
nerves terminate mostly as free endings within the superficial layers of the epithelium,2, 3, 6, 7  although 
special nerve endings with morphological structure have been reported in the limbal area.19   The 
terminals or receptors of the sensory nerves detect and encode the sensory signals. Different 
functional types of receptors, such as mechano-nociceptors, polymodal nociceptors and cold 
receptors, have been identified.12, 20   These functional types of receptors are preferentially activated 
by a specific form of stimulus energy and contribute distinctly to various ocular somatosensory 
sensations.12 
The measurement of ocular surface sensitivity is one way to assess the functioning of the sensory 
nerves.21, 22   Cochet-Bonnet type of esthesiometers23, 24 has been the most common means for 
sensitivity measurement.  However, this type of esthesiometer suffers from several shortcomings in 
its design21, 25-27 and is restricted to touch sensitivity.  The recent development of pneumatic 
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esthesiometers enabling delivery of controlled air pulses at various temperature and mixture of air 
with CO2 (to the ocular surface) allows measurements of ocular surface sensitivity over a wider range 
of thermal, mechanical and chemical stimuli.28-30   Alterations in the sensory nerve function as 
reflected by the changes in corneal sensitivity have been reported in various conditions including 
DED, contact lens wear, corneal disease and post corneal and refractive surgery.31-38   Corneal 
sensitivity has been proposed as a useful clinical indicator of corneal health and during the healing 
process following corneal surgery and disease.21, 22 
Besides being an indicator of the function of sensory nerves, sensitivity across the cornea has been 
suggested, perhaps, to represent its neural density.3   Using Cochet-Bonnet esthesiometry, a marked 
decline of sensitivity towards the periphery has been reported.24, 25, 39   This variation in touch 
sensitivity has been suggested to match the distribution of neural density observed in cats and rabbits 
almost perfectly− greater neural density towards the center than in the periphery.3, 40   However, 
previous data are limited due to the stimuli used.  With the advantages of recently developed 
pneumatic esthesiometers,28-30  sensitivity can be studied using thermal, mechanical and chemical 
stimuli. It is unknown whether the variation of corneal sensitivity using different stimulus modality 
would be similar to that demonstrated with tactile stimuli.   Additionally, recent investigations on 
human corneal nerves in fresh cornea41 and in living eyes observed using confocal microscopy42  have 
revealed a novel arrangement of the subbasal plexus which is dissimilar to that seen in rabbit corneas, 
suggesting a rather homogeneous distribution of corneal nerves endings in human compared to 
rabbit.2, 42   However, the distribution of different functional type of receptors has not been elucidated. 
Although the study of corneal and conjunctival sensitivity provides valuable information about the 
function of sensory nerves of the ocular surface, it could not give a complete picture of the sensory 
system, because sensitivity measurement reveals only one point on a sensory scale and does not 
describe the relationship between the value of stimulus magnitude and the resultant sensation.43   To 
better understand the transducer mechanism of a sensory system, psychophysical magnitude 
functions, the relationship between the magnitude of a sensory attribute and corresponding physical 
values of the stimulus,44  have been used to explore the relationship between various intensities of 
stimulus and the elicited sensation of the ocular surface (cornea and conjunctiva).28, 45, 46   A few 
investigators have examined the sensation magnitude of the stimulation to central cornea and 
conjunctiva,28, 45, 46   but the sensations evoked by mechanical, chemical and thermal stimulation at 
various locations of the cornea have not been quantified.  As mentioned earlier, the uniqueness of 
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morphological structure of nerve endings in the limbal area has been observed but how this structure 
relates to the sensation of the cornea remains largely unknown.19   It is also not known whether the 
transducer mechanisms for sensation evoked by different modalities of stimuli at various locations, 
e.g. central vs. peripheral corneal stimulation, would be similar. 
The concept of the lacrimal functional unit has been proposed recently, in which the ocular surface 
including the cornea, conjunctiva, and the meibomian and lacrimal glands (main and accessory 
glands) acts as a complex integrated functional unit that is interconnected by sensory and autonomic 
nerves.11, 47  The functional unit controls the secretion of the three major components of the tear film 
in a regulated fashion9, 10  and responds to environmental, endocrine and central neural influences.8, 11, 
47, 48 The overall function of the unit is to maintain the integrity of the tear film and the clarity of the 
cornea to ensure the quality of the principle optical component imaging objects onto the retina.8   
Dysfunction or disease in any part of the functional unit results in alteration of the tear film and thus 
compromises the normal functioning of the ocular surface, with one possible outcome being the 
development of DED.8, 11, 47-49 
One important aspect of the functional unit is the part played by the sensory nerves of the ocular 
surface.  The sensory impulses arising from the ocular surface have been considered to be the major 
driving force for tear secretion.50-52  However, it is not fully understood how sensory input relates to 
the graded outflow of the efferent autonomic nervous system in the functional unit.  In addition, 
activation of the sensory nerves at the ocular surface may contribute to the symptoms of dry eye.  
Although both decreased and increased corneal sensitivity have been reported in certain groups of dry 
eye patients,32, 33, 53-55  the relationship between ocular surface sensitivity and clinical signs and 
symptoms of dry eye has not been well established.  Moreover, the role of conjunctival sensitivity 
played in DED has not been studied. 
Contact lenses interact with several parts of the lacrimal functional unit, such as the cornea, 
conjunctiva and the eyelids.  Reduced functioning of corneal sensory nerves as measured by corneal 
sensitivity has been reported in both rigid and soft contact lens wearers,38, 56-61 although the study 
outcomes reported in the literature varied due to the differences in lens materials, wearing conditions 
and measuring methods.  The possible mechanisms contributing to this reduction in corneal 
sensitivity include metabolic alteration related to lens-induced hypoxia and mechanical adaptation.21, 
38, 62-64    However, most of the previous results have been based on wearing earlier generation low 
oxygen permeability (DK) hydrogel lens materials and the measurements have been largely limited to 
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tactile sensitivity.  The recent developments of highly oxygen permeable silicone hydrogel (SH) lens 
materials offer certain advantages over traditional hydrogel lenses for contact lens wearers, by 
eliminating lens-induced hypoxia and producing less detrimental effects on corneal homeostasis.65   It 
remains largely unknown whether SH lens wear affects ocular surface sensitivity differently, in 
particular when lens-induced hypoxia has been reduced or eliminated.  Also, it is unclear how tactile, 
mechanical and chemical sensitivity changes with SH lens wear over time.  Moreover, perhaps in 
relation to the unique nature of SH lens materials, accumulating evidence has shown that the 
interaction between certain SH lenses and preserved multipurpose solutions (MPSs) affects the ocular 
surface, manifested as asymptomatic corneal fluorescein staining.66   Whether the interaction between 
the lens material and care regimens would have an impact on ocular surface sensitivity remains 
unclear, although one study has suggested that this may be the case.67   
To summarize, as described briefly in this section and more detailed in the following chapter, 
current understanding of sensitivity and sensation across the ocular surface and how they relate to 
DED and contact lens wear remains limited. 
1.2 The objectives and hypotheses of the thesis 
This thesis will address the fundamentals of sensitivity across the ocular surface and the relevance to 
the clinical aspects, in terms of regional variation of corneal sensitivity, transducer function of the 
central and peripheral cornea, interaction of sensory and autonomic nerves in the lacrimal functional 
unit, and ocular surface sensitivity in DED and with silicone hydrogel lens wear. 
Objectives of the thesis 
• to measure corneal sensitivity at multiple corneal positions using pneumatic stimuli, at 
room temperature and at ocular surface temperature (with and without CO2 added) 
delivered by a computer controlled Belmonte esthesiometer; 
• to characterize the suprathreshold behaviour with mechanical and chemical stimulation of 
central and peripheral cornea, and to compare the psychophysical magnitude function for 
each modality and location; 
• to investigate the relationship between mechanical and chemical stimulation at various 
corneal locations and the efferent output as determined by tear secretion in the lacrimal 
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functional unit, and to define the psychophysical function of stimulated lacrimation and its 
relationship to threshold to detect stimulus; 
• to investigate conjunctival and corneal sensitivity in subjects with and without symptoms 
of ocular dryness, stratified by age and gender, and to establish the relationships of dry eye 
symptoms and corneal and conjunctival sensitivity to pneumatic stimulation, tear film 
stability and clinical ocular surface characteristics in these subjects; 
• to investigate the effects of SH lens wear and lens-solution interactions on ocular surface 
sensitivity. 
Thesis hypotheses 
• The corneal sensitivity measured using pneumatic stimuli, at room temperature and at 
ocular surface temperature (with and without CO2 added) delivered by a computerized 
Belmonte esthesiometer decreases with eccentricity; 
• The relationship between sensation magnitude and the intensity of stimulus of central and 
peripheral cornea is a power function.  The size of the power exponent of the 
psychophysical magnitude function is different between the central and peripheral cornea 
and between stimulus modalities; 
• Tear secretion induced by mechanical and chemical stimulation is monotonically related to 
the intensity of the stimulus applied.  The tearing induced by suprathreshold stimuli is 
different between stimulus modality and positions. The stimulus intensity required to 
induce reflex tearing is higher than the intensity to elicit a sensation; 
• Corneal and conjuncitval sensitivity is different between subjects with and without 
symptoms of ocular dryness, age groups and gender.  There is a relationship between dry 
eye symptoms and corneal and conjunctival sensitivity to pneumatic stimulation, tear film 
stability, and clinical ocular surface characteristics; 
• Corneal and conjuncitval sensitivity is not constant during SH lens wear and is affected by 





Review of literature 
2.1 Sensory innervation of the ocular surface 
2.1.1 Sensory innervation of the cornea 
The sensory innervation of the ocular surface originates as the peripheral axons of the primary 
sensory neurons located in the ipsilateral trigeminal ganglion.1   The innervation is particularly rich in 
the cornea, which makes it the most densely innervated epithelial surface in the body.2 
Corneal sensory nerves are predominately derived from the ophthalmic branch of the trigeminal 
nerve.3, 4   Nerve bundles penetrate the cornea at about the mid-stromal level of the periphery in a 
radial fashion.5, 6  Some smaller branches that run in the subconjunctival and episclera tissues enter 
the peripheral cornea superficially.7  
When they enter corneal stroma, the nerve bundles lose their perineurium and myelin sheath within 
approximately 1 mm of their entrance from the limbus perhaps to facilitate corneal transparency.5-7 
The stroma nerve trunks divide repeatedly into smaller branches as they course anteriorly and form 
the sub-epithelial plexus that lies at the interface between Bowman’s layer and the anterior stroma.6  
Nerve fibres in the sub-epithelial plexus penetrate Bowman’s layer and run parallel to the corneal 
surface as single or multiple leashes, between Bowman’s layer and the basal epithelial cell layer.6   
The leashes consisting of mixture of straight and beaded nerve fibres form the sub-basal plexus, and 
the beaded fibres then form branches that enter the more superficial corneal epithelium where they 
terminate eventually as free nerve endings.4   In the peripheral cornea, sensory nerves enter 
epithelium directly from the conjunctival plexus near the limbus.7    
Recent studies have revealed a novel distribution of the sub-basal nerve plexus in human cornea.  
The sub-basal nerve plexus appears to converge to a whorl-like pattern in inferior-central cornea, and 
outside this area the nerve fibre bundles in the remainder of the cornea were arranged in a parallel 
pattern.8, 9 The density of the sub-basal nerve bundles therefore seems to be equal over a large central 
to peripheral area,6, 8, 9  which is different to the gradually decreased neural density from the center 
toward the limbus found in rabbit corneas with a radiating density pattern.2 Thus, evidence suggests 




2.1.2 Sensory innervation of the conjunctiva and eyelids 
Similar to the cornea, the conjunctiva receives sensory nerves from a plexus of sensory fibres 
originated mainly from the divisions of ophthalmic nerve, with a small portion from the maxillary 
nerves.10, 11   The bulbar conjunctiva is supplied by the long ciliary nerves,12  the lacrimal and frontal 
(supraorbital division) branches of the ophthalmic nerve, and the infraorbital division of the 
maxilliary nerve.13   Sensory nerves traverse under the epithelium and in the stroma (substantia 
propria).  Most conjunctival sensory fibres terminate as naked nerve endings as in the cornea, but 
some with encapsulated endings.  This special type of ending is particularly numerous in the limbus 
(the palisade zone).14 
2.2 The physiology of the ocular surface sensory innervation 
The primary sensory neurons that innervate the cornea and conjunctiva can be classified as finely 
myelinated (Aδ type) or unmyelinated (C type) fibres, based on their size, presence of a myelin sheath 
around the axon and conduction velocity.15   In human cornea, the majority of the fibres are of C 
type.6   The peripheral axons of the sensory neurons (primary afferents) terminate as naked free nerve 
endings and are called nociceptors.16 
The areas of the ocular surface covered by individual afferent fibres sensitive to stimulation are 
known as the receptive fields and stimulation within the receptive field results in depolarization of 
receptors and impulse firing of the afferent fibre.  Receptive fields of individual corneal neurons vary 
in size ranging from 1 to 100 mm2.5, 7, 17, 18   A typical receptive field in cat or rabbit cornea identified 
using mechanical stimulation (mechanoreceptive field) extends over 5-20% (10-20 mm2) of the 
corneal surface.5, 17   In most cases (70% of the neurons in cat cornea), receptive fields extend to the 
adjacent limbus and bulbar conjunctiva, while about 30% with small receptive fields are restricted to 
the cornea.5   The adjacent receptive fields overlap extensively.5, 19 
2.2.1 Functional type of primary ocular sensory neurons 
Electrophysiological recordings of single sensory neurons innervating the eye have been carried out 
in cat and rabbit.3, 5, 17, 20-25 According to their responsiveness to different stimulus modalities (i.e. 
mechanical, chemical and thermal), subclasses of functional type of neurons that are preferentially 
activated by a specific type of energy have been identified.  Generally, the responses of corneal 
sensory neurons are either unimodal or bimodal/polymodal.  Three types of unimodal corneal 
neurons, including cold sensitive, mechanosensitive and chemosensitive units that are sensitive to 
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single modality of stimulation, have been described in rabbits,24, 25 although “pure” chemosensitive 
units have not been found in cats and their existence in the rabbit cornea has been questioned.26   
Other neurons that respond to both high-threshold mechanical and high-temperature stimuli (bimodal 
units) and to all three types of stimulation (polymodal units) have been identified in rabbit and cat,.21, 
24, 25, 27 
About 20% of corneal fibres, all finely myelinated (Aδ type), are classified as mechno-
nociceptors.5, 24   They are activated only by mechanical forces of the magnitude that could damage 
the cornea.5, 17, 20, 24, 25, 28   The mechano-nociceptors are rapidly adapting or phasic sensory receptors 
as they respond to brief or sustained stimuli with one or several short-lasting impulse discharges.3, 17, 
20, 24, 25, 28   They may be responsible for the acute, sharp pain produced by a mechanical contact with 
the corneal surface.3 
Cold-sensitive receptors are another subclass of corneal sensory fibres that represent 10-15% of the 
total population, and belong to Aδ and C type fibers.5, 24, 25  They discharge spontaneously at rest and 
increase firing rate in response to the subtle reduction in normal temperature of the cornea, while they 
become transiently silent when the temperature increases.17, 22  The cold-sensitive receptors are able to 
detect and encode the intensity of the stimulus, responsible for the non-noxious cooling sensation 
resulting from reduction of corneal temperature.29, 30 
The majority of corneal sensory fibres (about 70%) are classified as polymodal nociceptors.3   They 
are equally responsive to near-noxious mechanical energy, heat or noxious cold and chemical 
irritants, and are also activated by a large variety of endogenous chemical mediators released by 
damaged tissue, inflammatory cells, or extravasated plasma.27, 31   Polymodal nociceptors are found 
on both Aδ and C corneal fibres but most of them are of C type.3  In response to their natural stimuli, 
polymodal nociceptors give a continuous, irregular impulse discharge that persists with the full length 
of the stimulus duration and the firing frequency of the discharge is roughly proportional to the 
intensity of the applied stimulation.3   Compared to mechano-nociceptors, polymodal nociceptors 
have a slightly lower mechanical threshold.20, 29   The polymodal nociceptors may not only signal the 
presence of a noxious stimulus but also encode the intensity and duration of the stimulus.3     
Polymodal nociceptors are considered to be the principal source of nerve impulse activity induced by 
chemical irritant, heat and noxious cold, in addition to their contribution to the sensation evoked by 




It has been suggested that mechanically insensitive ‘silent’ nociceptors may exist in the cornea.24   
This type of receptor is activated only in the presence of local inflammation, responding to 
mechanical and thermal stimuli as well as a variety of endogenous chemicals.3 
Although most electrophysiological studies identifying different types of sensory receptors have 
been carried out on the cornea, the same functional classes of sensory receptors have been also 
reported in the bulbar conjunctiva20 and other ocular structures.5   In addition, a small number of low 
threshold mechanosensory receptors has been found in the bulbar conjunctiva in cat, immediately 
adjacent to the cornea.  These receptors have very small receptive field and are restricted to the limbal 
border responding to sustained mechanical stimulation but not to heat or cold.5 
2.2.2 Higher-order ocular neurons 
Information from stimuli encoded by sensory receptors is carried centripetally by trigeminal ganglion 
neurons to the higher levels in the central nervous system.  The spinal trigeminal nucleus (Vsp) in the 
lower brain stem is the first site for synaptic integration of peripheral signals from the craniofacial 
regions in which second-order neurons are activated.32  The ocular surface is represented mainly in 
two spatially distinct regions of the Vsp: The trigeminal nucleus interpolaris-caudalis (Vi/Vc) 
transition and subnucleus caudalis-upper cervical spinal cord (Vc/C1) junction regions.33-35 The 
second order neurons responsive to noxious mechanical, chemical or thermal stimuli have been found 
in both Vi/Vc and Vc/C1 regions.36, 37  The unique dual presentation of trigeminal organization has 
lead to a suggestion that neurons in Vi/Vc and Vc/C1 regions process corneal input differently; Vi/Vc 
corneal neurons may play a role in specialized ocular functions such as blink and tear reflexes and 
represent an endogenous antinociceptive control pathway while Vc/C1 neurons may mediate sensory-
discriminative aspects of pain sensation.38   The dense connection fibres between the two regions may 
serve to recruit and organize output from neurons located at Vi/Vc and Vc/C1.38   Recently, a specific 
set of neurons that may be involved in reflex tearing and fluid homeostasis of the ocular surface have 
been identified at the Vi/Vc region.39 
The second-order neurons in the Vsp, carry nociceptive information from the ocular surface to the 
contralateral thalamus.40   Neurons that receive corneal projection have been identified in the 
thalamus posterior nucleus-zona incerta (PO/ZI) area and the superior salivatory-facial nucleus region 
(SSN) of the brainstem.41   The distribution of these neurons varies and is associated with the input 
from the sensory modality of the peripheral nociceptor.41 For example, CO2-responsive rostral unit (in 
the Vi/Vc region) and caudal units (in the Vc/C1 region) project within PO/ZI or to SSN, whereas 
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among the units not responded to CO2 (i.e. mechanical only), rostral units project only to SSN and 
caudal units only project to PO/ZI.41 
From the thalamus, sensory information arising from the trigeminal system reaches several areas of 
the cortex.  Ocular sensory presentation in the cortex has been described in primary (SI) and 
secondary (SII) somatosensory area, as well as in the area 3b and 1 in the lateral sulcus, mainly on the 
contralateral side.13, 15  The great complexity and diversity of the central projections of the trigeminal 
neuclei, will not be discussed further here. 
2.3 The lacrimal functional unit and the roles of sensory afferent nerves 
2.3.1 The lacrimal functional unit 
The concept of the lacrimal functional unit was proposed in 1998 to describe the relationship between 
the ocular surface and lacrimal glands and provide a framework for understanding how the integrated 
system malfunctions in dry eye patients.42   The lacrimal functional unit comprises the ocular surface 
(cornea, conjunctiva, and meibomian glands), the lacrimal glands (both the main and accessory), and 
the sensory afferent and efferent sympathetic and parasympathetic nerves that connect them (Figure 
2-1).  Acting through the central nervous system, the components of the functional unit are linked into 
a homeostatic loop (i.e. a relatively stable state of equilibrium between the different components in 
the functional unit) by a complex sensory, sympathetic and parasympathetic neural network.43-45   The 
function of this integrated unit is to regulate tear film secretion and respond to environmental, 
endocrine and central neural influence, for the purpose of protecting and maintaining the health of the 
ocular surface.43-45   Dysfunction of any part of the integrated unit may lead to the alteration of the 
other components, compromising the ability of the functional unit to respond to environmental and 
physiological changes.42, 43, 45 
 
 





2.3.2  Secretion of the tear film and its neural regulation 
Traditionally, the pre-corneal tear film has been described as a structure with three distinct layers: the 
mucin layer coating the epithelial surface, the aqueous layer making up the majority of the tear film, 
and the thin anterior lipid layer slowing evaporation.46, 47   Recent studies have suggested that the 
components of mucus, protein, and aqueous in the pre-corneal tear film mix to form a hydrated gel 
decreasing in density toward the superficial lipid layer.48, 49 
The mucins in the tear film are hypothesised to play integral roles in ocular surface lubrication, 
anchoring of the aqueous components of the tears and stabilizing the lipid components.50   They also 
function to prevent adherence of inflammatory cells, foreign bodies and pathogens to the ocular 
surface.51   Ocular mucins can be classified as membrane-associated and secreted and have been 
numbered in the order of their molecular characterization, for example MUC1, MUC2 etc.  The 
membrane-associated (or transmembrane) mucins include MUC1, MUC4 and MUC16 have been 
reported to be expressed by ocular surface epithelia and the lacrimal gland.52   They are concentrated 
on the tips of the microplicae, facilitating the formation of glycocalyx at the corneal and conjunctival 
epithelia and tear film interface, and may also be involved in the epithelial cell cycle and apoptotic 
activity.50   The secreted mucins are further sub-classified as gel-forming and soluble on the basis of 
their ability to form polymers.  The gel-forming mucins such as MUC5AC are secreted by the 
conjunctival goblet cells while the small soluble mucin MUC7 is produced by acinar cells of the 
lacrimal glands and conjunctiva.53   Although the expression of ocular mucins is not fully understood, 
evidence has suggested that activation of nerves induces goblet cell secretion.54   It has been 
hypothesised that activation of sensory nerves of the ocular surface may in turn, activate the 
parasympathetic and sympathetic nerves surrounding the goblet cell and the subsequently released 
neurotransmitters stimulate secretion of the goblet cell.54, 55 
The aqueous component of the tear film contains not only water, but also numerous electrolytes, 
proteins (including peptide growth factors), vitamins, anti-microbial, cytokines, immunoglobulins, 
and hormones, all of which serve to maintain a trophic and protective environment for the ocular 
surface.51   The main and accessory lacrimal glands are the major contributor to the aqueous phase of 
the tear film, and the secretion of the main lacrimal gland is controlled by parasympathetic and 
sympathetic nerves.56   Acting through the central nervous system, the afferent sensory nerves in the 
functional unit signal the input from the ocular surface, and this in turn, activates the efferent 
parasympathetic and sympathetic nerves in the lacrimal gland resulting in the release of 
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neurotransmitters.57, 58  The major neurotransmitters that lead to the secretion are acetylcholine (ACh) 
and vasoactive intestinal peptide (VIP) released by parasympathetic nerves, as well as the 
sympathetic neurotransmitter norepinephrine.56  The ACh and norepinephrine interact with specific 
receptors present on the surface of lacrimal gland cells to activate distinct but overlapping signal 
pathways leading to lacrimal secretion.57  Although the mechanisms that underlie the secretion of 
water, electrolytes and protein of the lacrimal gland are different, they are under tight neural control 
through the lacrimal functional unit.56   Besides the lacrimal glands, both cornea and conjunctiva are 
additional sources of electrolytes and water.51   The conjunctiva also transports fluid into and out of 
the tear film and modifies the composition by absorbing or secreting water, electrolytes and proteins 
including mucins.54   The sympathetic nerves stimulate the conjunctival stratified squamous cells to 
secrete electrolytes and proteins.54 
The most superficial layer of the tear film is the lipid layer that minimises tear evaporation, spreads 
over the surface of the tear film, and interacts with the aqueous layer and other tear film components 
to provide a smooth optical surface for the cornea.59   The lipid layer also prevents the skin-surface 
fatty acids such as sebaceous lipids from entering the tear film and the spilling of tears onto the skin.51  
The major tear lipid is meibomian lipid that is the secretion of meibomian gland, with additional 
amounts produced by the glands of Moll and possibly the lacrimal glands and glands of Zeiss.59   It 
has been proposed that the structure of the lipid layer has two phases; the thicker outer layer 
containing nonpolar lipids such as wax, esters, sterol esters, hydrocarbons, and triglycerides, and the 
thin inner polar meibomian lipids that are mainly phospholipids.60   The nonpolar lipid phase 
determines the function of retarding evaporation but its functional integrity is dependent on the 
stability of the underlying polar lipids.60 The polar lipids serve as a surfactant that mixes with the non-
polar lipids and interacts with the aqueous phase of the tear film.51   The innervation of the 
meibomian glands is not completely understood but abundant parasympathetic and sympathetic 
nerves have been found contacting the meibomian glands.61, 62  Although sensory innervation is 
suggested by substance P- and calcitonin gene-related peptide (CGRP)-positive axons, the role of 
sensory input in controlling lipid secretion is unclear.63   Despite the principal control of the 
meibomian glands appearing to be hormonal, neural regulation may also be involved in stimulating 
lipid secretion onto the ocular surface.43 
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2.3.3 The roles of sensory input and the two states of the functional unit 
As discussed in the preceding section, the sensory innervation of the ocular surface, together with 
parasympathetic and sympathetic nerves, regulates the secretion activities of the lacrimal and 
meibomian glands and the goblet cells.  Thus, the secretion of major tear film components is 
controlled by the lacrimal functional unit in a coordinated fashion. 
The part that sensory signals arising from the ocular surface plays is an important aspect of the 
functional unit.44   It is hypothesised that the neural pathway to control tear production is a reflex arc, 
involving the activation of the afferent sensory nerves and the efferent autonomic nerves.56, 64-66   
Sensory signals arising from the ocular surface are carried centripetally by trigeminal ganglion 
neurons. The afferent signals then pass to the superior salivatory nucleus (SSN) located in the 
brainstem, and efferent fibres extend, via the facial nerve, to the pterygopalatine ganglion where 
postganglionic fibres arise that terminate in the lacrimal glands and other ocular surface tissue.42, 44  
To protect the ocular surface from the spectrum of challenging situations, it has been suggested that 
the lacrimal functional unit may operate differently depending on environmental conditions and 
pathology.43   Under normal condition (without stressful stimulation), sensory nerves on the ocular 
surface provide sub-threshold sensory signals to the functional unit regulating resting tear flow, 
whereas noxious stimuli activate sensory afferents in the functional unit triggering a series 
coordinated reflexes including reflex lacrimation to protect the eye from potential damage.43   Very 
few studies have investigated the relationship between sensory stimulation of the ocular surface and 
tear secretion.67 
2.4 Psychophysical measures of sensory threshold and magnitude 
2.4.1 Classical methods of threshold measurement 
The relationship between a physical stimulus and the internal sensory and perceptual response can be 
determined by psychophysical methods.68   The sensory threshold is an important theoretical concept 
used in psychophysics that refers to a limit separating stimulus values that elicit a sensation from 
those do not elicit a sensation.  The absolute detection threshold is defined as the minimum amount of 
stimulus energy required to produce the first detectable sensation under ideal conditions.69   Due to 
the random fluctuation in the stimulus and in the activity levels of the neuron, and subject’s attention 
and psychological bias, threshold values show some variability from trial to trial within a 
measurement session and across several sessions.  As a result, a carefully measured threshold 
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becomes the probability of detecting various levels of the stimulus in order to estimate a statistical 
value that best describes threshold under a particular set of conditions. Typically, in a “yes-no” trial, 
threshold has been defined as the stimulus value where the subject detects the stimulus 50% of the 
time.69   Recognizing the statistical nature of the thresholds and the necessary methodological 
consequences, G.T. Fechner68 developed three methods of threshold measurement: The methods of 
constant stimuli, limits, and adjustment. 
The method of constant stimuli is the procedure using a fixed set of stimulus values (usually 
between five and nine different values in the set), covering a range such that the lowest values are 
expected to be slightly lower than the threshold and would almost never be detected, while the highest 
values are expected to be slightly higher than the threshold and should almost always be detected.69   
Each stimulus is presented many times and in a random order and the subject is asked to report 
whether the stimulus is detected after each stimulus is presented.  If the probability of detection (often 
the percent “yes” responses) is plotted against the stimulus intensity  (called a psychometric function 
or probability of detection curve), a threshold from this typically S shape or ogival curve can be 
determined.69   The method of constant stimuli is considered to provide a highly accurate estimation 
of the absolute thresholds when it is used properly.69  However, it is subject to the effects of 
psychological bias such as guessing and in addition, because this method requires stimuli to be 
presented many times, it is quite time consuming and rarely used in clinical measurements.69 
In the method of limits, the stimulus value is first presented well above or below threshold; on each 
successive presentation, the stimulus value is systematically changed step by step until the transition 
stimulus value where the response changes from “yes” to “no” or vice versa, is reached.69   The 
stimuli could be presented as either an ascending or descending series.  If the series is ascending, the 
stimulus value is started below the expected threshold and increased step by step until the subject 
eventually reports the presence of the stimulus, whereas if the series is descending, the stimulus value 
is decreased in successive steps until the subject do not detect the stimulus.  The series terminates at 
this transition point and the ascending and descending procedures are repeated several times.  The 
average of the transition points obtained from all the series is the threshold. Although the method of 
limits is perhaps less accurate than the method of constant stimuli, it is an efficient and frequently 
used technique for estimation of sensory thresholds.69  It is also used to estimate the location of the 
threshold when choosing the stimulus values before applying the method of constant stimuli.69 
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The method of limits usually gives satisfactory results if the two potential errors with the method 
are properly controlled.69   The first is an error of expectation in which the subject may falsely 
anticipate the arrival of the stimulus at threshold level and prematurely report the change of sensation 
that has occurred before it actually happens.69  This will affect the result by giving a deceptively low 
threshold on ascending trials and a falsely high threshold on descending trials. The second error is 
habituation which is opposite to the first type of error inasmuch as it affects the result by falsely 
increasing thresholds on ascending trials and decreasing thresholds on descending trials.69  To some 
extent, the tendency of expectation and habituation can be corrected by varying the starting point for 
successive series.69   In an attempt to avoid the limitation of the method of limits, a few variations 
such as staircase methods have been developed.70 
The method of adjustment is generally easily used when the stimulus values can be changed 
continuously.69   Similar to the method of limits, the starting stimulus value in the method of 
adjustment is set either far below or above the threshold.  The subject is asked either to increase the 
stimulus level until it is just detectable, or to decrease the stimulus level until the sensation 
disappears.  The trials will be repeated many times and the mean of these trials is taken as the 
threshold.  The method of adjustment is a simple and direct method for estimating threshold and gives 
the subject active participation in the measurement.  As with the method of limits, the potential errors 
of expectation and habituation can be corrected by randomising the starting point when using this 
method.69 
However, all three classical psychophysical methods have a drawback of lacking controls on 
observer response criteria.69, 71   The threshold estimated using these methods may not be truly free of 
the effects of response bias, the tendency that subjects favour one response over another, based on the 
factors other than the stimulus itself.69, 71   Forced-choice procedures70  and signal detection theory 
methods72  have been developed to overcome the weaknesses of the classical psychophysical 
techniques of determining sensitivity. 
2.4.2 Measuring the magnitude of sensations 
Although the study of sensitivity by measuring thresholds as described in the previous section 
provides valuable information about the senses, it measures only one point on a sensory scale in units 
of stimulus energy but not sensation units.69, 73  It does not reveal the relationship between the value 
of stimulus magnitude and the resultant sensation and thus alone, could not give a complete picture of 
a sensory system.  Because sensation changes are not usually linear with the changes in the stimulus, 
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the relationship between sensations and stimuli has to be determined experimentally.  The plot of the 
magnitude of a sensory attribute against corresponding physical values of the stimulus is called 
psychophysical magnitude function (or transducer function).69 
Psychophysical magnitude functions can be obtained only when it is possible to measure both the 
stimulus and its resultant sensation response.  Many techniques for scaling of sensory magnitude have 
been developed to measure the relationship between the magnitude of sensation and stimulus 
strength,74  generally classified into three groups: (a) those that require the subjects to make simple 
ordinal discrimination judgments between stimuli; (b) those that require subjects to adjust stimuli to 
partition the sensory continuum into equal sensory intervals; (c) those that require subjects to assign 
numbers to stimuli that presumably represent sensation magnitude or to adjust stimuli to match 
numbers presented by the experimenter.74 
One of the most frequently used scaling methods in psychophysics is magnitude estimation,74   in 
which the subject is required to make direct numerical estimations of the sensory magnitudes 
produced by various stimuli.  There are mainly two ways of applying the magnitude estimation 
technique to construct a psychological scale.  In the first one, the subject is presented with a reference 
stimulus and told that the sensation it produces has a certain value (modulus), for example 100.  
Subsequently, a series of test stimuli are presented and the subject is asked to assign a number to 
these stimuli to indicate their perceived magnitudes relative to value of the modulus.69   In the other 
variation of the method, no defined modulus is given to the subject,69 and a series of test stimuli that 
vary in intensity or other dimensions are randomly presented, and the subject assigns a number to the 
elicited sensation. 
The measurement of sensation magnitude is a fundamental problem in psychophysics.  In 1860, 
Fechner68 founded psychophysics and developed the procedures to measure sensation.  He also 
suggested that sensation magnitude increased with the logarithmic increase of the stimulus intensity.68   
Fechner’s logarithmic law was challenged by S. S. Stevens in 1950s, primarily based on magnitude-
estimation data.75   Stevens75 proposed that sensory magnitude was proportional to the stimulus 
intensity raised to an exponent and this later became known as Stevens’ power law.  This law is 
expressed as  
ψ = κ φ α, 
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where ψ (psi) is the sensory magnitude, κ (kappa) is a constant determined by the absolute size of 
assigned numbers, φ (phi) is stimulus intensity and α (alpha) is an exponent that is characteristic of 
the stimulus used.  Several studies have investigated the suprathreshold exponent values of stimuli 
delivered to the central cornea and conjunctiva,76-79  mainly using visual analogue scaling,80  a method 
in which the subject places a mark on a line with two anchors, one at each extreme, e.g. extreme pain 
to no pain. 
2.5 Ocular surface sensitivity 
Measuring sensitivity is one way to assess the functioning of the sensory nerves. In the experiments 
described in this dissertation, the function of the ocular surface is reflected by the responses to 
controlled corneal and conjunctival stimulation.  Several types of esthesiometers have been developed 
to measure ocular surface sensitivity76, 81-88  and a number of studies have investigated corneal and 
conjunctival detection thresholds with various stimuli, different types of esthesiometers and 
psychophysical methods.76, 81-84, 86, 89-93   However, the body of work examining conjunctival 
sensitivity is much less comprehensive compared to the cornea.  Corneal sensitivity has been 
proposed as a useful clinical indicator of corneal health in diseases, contact lens wear, and during the 
healing process following various corneal injuries and refractive surgery.91, 94-103 
2.5.1 Measurement of ocular surface sensitivity 
2.5.1.1 Cochet-Bonnet type of esthesiometers 
The first esthesiometer used to quantify corneal sensitivity was built by von Frey83 in 1894, using 
calibrated horse hairs of different lengths attached to glass rods.  Based on von Frey’s concept that the 
force produced by a long hair axially on the corneal surface is proportional to the diameter and the 
length of the hair, Boberg-Ans81  invented a device using a single nylon thread of constant diameter 
but of varying length to measure sensitivity; this was further improved by Cochet and Bonnet.82 
Cochet-Bonnet esthesiometers have used hair or nylon filaments of variable diameter and length to 
deliver tactile stimuli to the ocular surface.  There are two models of Cochet-Bonnet esthesiometers.  
The first model using a 60 mm nylon monofilament of 0.08 mm in diameter produces pressures 
ranging between 2 and 90 mg per 0.005 mm2 on the surface.  However, this model has not been used 
commonly due to difficulty in obtaining the 0.08 mm nylon filament and is no longer manufactured.  
The second model uses a nylon monofilament, 60 mm in length and 0.12 mm in diameter, and this 
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produces pressures ranging from 11 to 200 mg per 0.0113 mm2 (Figure 2-2).  Most of the sensitivity 
results reported in the literature have been obtained with this model, and Cochet-Bonnet 
esthesiometers are the most commonly used esthesiometers in clinical practice because of 
convenience and relative ease of use.98 
However, the Cochet-Bonnet esthesiometers have certain limitations85, 88, 104  including (i) a 
truncated range of stimulus intensities; (ii) poor stimulus control. It is difficult to align the nylon 
thread with the ocular surface (particularly the 0.8 mm diameter filament) and control the amount of 
the force applied (i.e. making sure that the 5° of bend in nylon thread for which the instrument is 
calibrated is occurring).  Factors such as gravity, previous use, and the ambient humidity also affect 
the bend of the thread; (iii) potential disruption of the epithelial surface by the stimulus; (iv) patient 
apprehension resulting from perceived invasiveness.    Each of these disadvantages of the Cochet-
Bonnet esthesiometer could affect threshold accuracy and reproducibility.
 
 





2.5.1.2 Pneumatic esthesiometers 
To overcome the weaknesses of the Cochet-Bonnet esthesiometers, more sophisticated devices have 
been developed, which presumably provide greater precision.83, 85-88, 105 These devices have used 
various types of probes directly placed on the cornea surface or an air jet to determine the threshold 
for a localized mechanical force.  However, these devices are limited to measuring mechanical 
sensitivity.  Although a temperature-controlled saline jet esthesiometer and a CO2 laser esthesiometer 
have been developed to measure thermal sensitivity, they have not been widely applied.106, 107 
Recently, the Belmonte esthesiometer was developed.  This delivers air pulses of controlled flow 
rate, temperature and air-CO2 mixtures to the ocular surface, allowing measurement of sensitivity 
over a range of mechanical, thermal and chemical stimuli.76  The Belmonte esthesiometer consists of 
two gas cylinders, one containing medical grade compressed air and one of 98.5% CO2, connected 
through two pressure regulators and two unidirectional regulators to an electronic proportional 
directional control valve (PCV) (Figure 2-3).  The PCV adjusts the flow of air and CO2 separately, 
producing gas mixtures with a controlled proportion of CO2 and air.  The final flow of the gas mixture 
is adjusted with a flowmeter and supplied to a probe with internal diameter 0.8 mm on a mount with 
fine position control.  The probe contains a temperature controlling device comprising a thermode, a 
servo-regulator, a Peltier cell that warms the gas and a solenoid valve to control the output of gas.  A 
CO2 meter monitors the CO2 concentration of the gas mixture.  During stimulation, the gas is 
transiently directed to the tip of the probe by changing the direction of flow from the PCV.  A pulse 
with a defined CO2 concentration, temperature and flow rate from the tip of the probe flows towards 
the ocular surface for specific intervals (ranging typically from 1 to 10 seconds). 
A modified Belmonte esthesiometer was manufactured at CRCERT at the University of New South 
Wales.108, 109  The design (Figure 2-4) is similar to the original device but with different electronic 
flowmeters and temperature controllers, a heating coil at the tip of the probe to keep the stimulus 
delivered approximately at corneal temperature and a smaller inner diameter (0.5 mm) of the probe.  
The temperature sensor provides feedback to maintain a steady temperature independent of air flow 
and ambient temperature.  The modified Belmonte esthesiometer is mounted in an American Optical 
non-contact tonometer housing with an optical range finder to allow a “precise” stimulus distance 
control from the corneal apex.108, 109    
Using the CRCERT- Belmonte esthesiometer as a platform, a computer controlled Belmonte 
esthesiometer has been developed at the University of Waterloo, with computer controlled mixing of 
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air and CO2 flowrate and  temperature.110-112  Additionally, a video camera continuously monitors the 
distance between, and orthogonal alignment of the tip of the esthesiometer and the ocular surface.  
Custom software has been developed for the selection of stimulus attributes and psychophysical 












Figure 2-4 The modified Belmonte esthesiometer (adapted from Stapleton et al 2004107) 
 





2.5.2 Physiological variation of ocular surface sensitivity 
2.5.2.1 Regional variation 
A few studies have examined sensitivity across the cornea and adjoining tissues. Due to the 
predominant use of the Cochet-Bonnet esthesiometer, most published reports are of touch sensitivity,  
showing that it is higher in the center and declines significantly towards the corneal periphery.81, 82, 92, 
113   The distribution of the corneal sensitivity across the periphery is not uniform with the lowest 
being the superior region that is usually covered by the upper eyelids,81-83, 113  (although a few 
investigators have reported slightly different patterns).83, 114   The regional variation of corneal 
sensitivity described in these studies seems to match the density of corneal innervation obtained in 
rabbits and cats.2, 115  Using this type of device, conjunctiva has been shown at least eight times less 
sensitive than the cornea.83  Interestingly, the variation of corneal sensitivity across the ocular surface, 
measured using pneumatic esthesiometers has been found to be less compared to that measured using 
Cochet-Bonnet esthesiometers.90, 108, 116 Little or no difference between corneal and conjunctival 
sensitivity has been reported, especially when a cooling stimulus is applied.86, 89, 90, 93, 108 
Although there are fewer studies on conjunctival sensitivity, some regional variation of 
conjunctival touch sensitivity has been reported.  Sensitivity of the lid margin is higher than in the 
bulbar and tarsal conjunctiva areas92 and temporal limbal conjunctiva has been found to be more 
sensitive than inferior limbal conjunctiva.117 
2.5.2.2 Other physiological variation 
Besides the regional variations, a few studies have reported a decrease of corneal and conjunctival 
sensitivity with age,92, 103, 118, 119  although other investigators using pneumatic stimulus have not found 
an association between age and corneal sensitivity.95, 120   Investigators using the Cochet-Bonnet 
esthesiometer have reported a significant reduction in corneal sensitivity after the fifth decade of 
life,114, 119  while Murphy et al121  showed a decline in sensitivity to an air-jet stimulus as early as after 
the second decade of life.  It has been speculated that this loss of corneal sensitivity with the passing 
years may be due to the reduction in innervation density of the cornea and associated with the 
development of arcus senilis.113, 122 
Gender has been considered to be another factor attributing to the variation of corneal and 
conjuncitval sensitivity.  Although hormonal changes occurring as part of the menstrual cycle or 
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pregnancy had been reported to induce fluctuations of corneal sensitivity in females,123, 124  reports of 
gender differences in corneal and conjunctival sensitivity have varied between studies.113, 120   In a 
recent study, no overall gender differences in pneumatic corneal mechanical and chemical sensitivity 
was reported, but mechanical sensitivity in the sub-group of premenopausal women (<55 years) was 
higher than males of similar ages.118  
Corneal sensitivity has been reported to vary with time of day, being the lowest in the morning 
upon eye opening and the highest in the evening.108, 125, 126  Within the first four hours following eye 
opening, sensitivity has been shown to return to the baseline measurement.125, 126  Although the basis 
of this overnight reduction in corneal sensitivity is not fully understood, hypoxic change of the cornea 
induced by eyelid closure has been hypothesised to be the primary cause.127 
Eye color is a physiological factor that has been reported to affect corneal sensitivity.  Some 
investigators have found association between corneal sensitivity and iris color but not others.110, 118, 128, 
129 The basis of the differences is not clear.  For example, Millodot who initially reported the eye 
color effect, examined inter-ocular differences in sensitivity in subjects with heterochromia-iridis and 
found none.130 
2.6 Ocular sensitivity in Dry Eye disease 
2.6.1 Corneal sensitivity in Dry Eye disease 
Corneal sensitivity has been measured using Cochet-Bonnet and pneumatic esthesiometers in dry eye 
patients.95, 102, 122, 131-136  Both corneal hypersensitivity and hyposensitivity in dry eye patients have 
been reported in the literature. 
Using a Cochet-Bonnet esthesiometer, Xu et al102 first reported decreased corneal sensitivity in 
both Sjögren Syndrome (SS) and non-SS Dry Eye (NSDE) groups. They found that corneal 
sensitivity was positively correlated to tear function index but inversely correlated to ocular surface 
conditions determined by Rose Bengal (RB) and fluorescein (FL) scores.  Later, Pflugfelder et al134 
showed a decrease in corneal touch sensitivity in SS Aqueous Tear Deficient (ATD) and meibomian 
gland dysfunction subgroups but not in NSDE group.  The reduced corneal sensitivity has been 
reported to be similar between primary and secondary SS patients.136 In a study investigating the 
correlation between dry eye symptoms and objective clinical signs in SS patients, Adatia et al131 
found that corneal sensitivity was inversely correlated with both FL and lissamine green (LG) 
staining of the ocular surface but the overall symptom severity was inversely correlated to lissamine 
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green staining of the cornea.  However, no significant correlation between sensitivity and dry eye 
symptoms was found. 
Using a Belmonte esthesiometer, reports on sensitivity change in dry eye patients have been less 
clear.  de Paiva and Pflugfelder have compared corneal sensitivity to mechanical and chemical stimuli 
(air jet without and with CO2 added, respectively) in normal, dry eye patients, and post LASIK 
patients with and without DED.95   They found that patients with DED and post-LASIK with DED 
had an increase in sensitivity to the pneumatic mechanical stimuli.  A significant inverse correlation 
was reported between mechanical thresholds and the severity of corneal FL staining.  Conversely, 
Bourcier et al133 have shown decreased corneal mechanical and chemical sensitivity in dry eye 
patients compared to controls.  A positive significant correlation between thresholds and corneal 
staining scores (FL and LG) (without providing data on the strength of the correlation) was reported 
but no correlations were found between thresholds and tear film break-up time (BUT) and Schirmer 
score.  A significant correlation between thresholds and the intensity of symptoms of burning and 
stinging was reported but the strength of the correlation was not reported in this paper.  They also 
found that the differences in threshold between SS and NSDE were not significant.    When 
comparing corneal innervation and sensitivity in primary SS  and in NSDE, Benitez-del-Castillo et 
al122   reported decreased corneal mechanical, chemical and thermal sensitivity in dry eye patients and 
a correlation between the density of subbasal nerves and sensitivity.  Sensitivity was correlated with 
Schirmer test scores, RB staining and symptoms.  In a recent study, Tuisku et al135 provided evidence 
that primary SS patients had increased corneal mechanical sensitivity, alterations in corneal nerve 
morphology (nerve sprouting and thickened stromal nerves) and an increased number of antigen-
presenting cells.  However, the corneal nerve density in these patients was found to be similar to that 
in controls.  They also found that corneal mechanical sensitivity appeared to be correlated with 
corneal staining scores and subjective symptoms evaluated using Ocular Surface Disease Index 
(OSDI) and visual analogue scales, but not with corneal nerve density.135 
The contradictory results in corneal sensitivity measured using pneumatic esthesiometer do not 
seem to be easy to reconcile.  The reasons for these discrepancies remain unknown and more studies 
are needed to better understand the part played by ocular surface sensitivity in the natural history of 
different forms of DED, the role of sampling and the many (non-standardised) technical differences in 
pneumatic esthesiometry that are used in these experiments. 
Table 2-1 is a summary of reported corneal sensitivity in Dry Eye. 
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Table 2-1 Summary of reports of corneal sensitivity in Dry Eye 
Author(s) sample Instrument  Corneal sensitivity note (correlations) 
Xu et al (1996) 59 DE (15 SS and 44 
non-SS); 26 control 
C-B ↓ in both DE groups vs. control ↓ sensitivity - ↑ staining scores (RB 
and FL)  
Pflugfelder et al 
(1998) 
40 DE (20 ATD: 11 SS 
& 9 non-SS; 20 MGD); 
10 control 
C-B ↓ in S-ATD and both MGD DE groups 
vs. control 
non-S-ATD vs. control: no difference  
N/A 
Adatia et al 
(2003) 
18 SS C-B No value reported ↓ sensitivity - ↑ staining scores (FL and 
LG);  ↓ LG staining - ↑ overall 
symptom severity  
Benitez del 
Castillo et al 
(2004) 
21 DE (11 SS, 10 non-
SS); 21 control (11 <60 
y, 10>60 y) 
C-B Appeared ↓ DE vs. control 
no statistical difference between groups 
No r or plots presented 
(reported correlations between 
sensitivity vs. Schirmer’s, RB staining, 
and # sub-basal nerves) 
Villani et al 
(2007) 
35 SS (15 SSI and 20 
SSII); 20 age/gender 
matched control 
C-B ↓ in SS group vs. control 
Similar between SSI vs. SSII 
No r or plots presented 
(correlation between sensitivity vs. 
fiber tortuosity)  




LASIK:20 non-DE, 6 




Mechanical:↑ in DE vs. control &   
↑ in post-LASIK DE vs. non-DE 
Chemical: no difference 
↑ mechanical sensitivity - ↑ FL staining 
severity  
Bourcier et al 
(2005) 
44 DE; 42 control Belmonte 
esthesiometer 
Mechanical, chemical & thermal: 
↓ in DE group vs. control 
SS vs. non-SS: no difference  
↓ sensitivity - ↑ staining scores  
Benitez del 
Castillo et al 
(2007) 
21 DE (11 SS, 10 non-
SS); 20 control (10 <60 
y, 10>60 y) 
Belmonte 
esthesiometer 
Mechanical, chemical & thermal: 
↓ in DE groups vs. controls 
↓ sensitivity - ↓ Schirmer’s test; 
↓ sensitivity - ↓ # sub-basal nerves; ↓ 
sensitivity - ↑ symptoms 
 
 30 
Tuisku et al 
(2008) 
20 DE (primary SS); 





Mechanical: ↑ in SS vs. control ↑ mechanical sensitivity - ↑ FL 
staining, VAS and OSDI scores 
no correlation sensitivity vs. nerve 
density; 
alterations in corneal nerve 
morphology (nerve sprouting & 
thickened stromal nerves)  




2.6.2 Conjunctival sensitivity in Dry Eye disease 
Even though the conjunctiva is not only supplied by free nerve endings, as in the cornea, but is also 
involved in the secretion of major components of the tear film, there are no reports of conjunctival 
sensitivity in DED in the literature. 
2.7 Contact lens wear and ocular surface sensitivity 
2.7.1 Contact lens wear and corneal sensitivity 
Studies have shown that contact lens wear reduces corneal sensitivity.101, 113, 137, 138   The degree of 
reduction in sensitivity may depend on lens material, the length of lens wear during the day and over 
the long term, and lens wearing modality (i.e. daily vs. extended wear). 
Early reports were of marked reduction in corneal sensitivity after both short (a few hours) and 
longer-term wear of polymethyl methacrylate (PMMA) lenses.83, 100, 139   The magnitude of sensitivity 
loss with longer wear of PMMA lenses may relate to chronic lens use and has been found to be more 
pronounced in the corneal center than in the periphery.139, 140   Similar to PMMA lens wear but to a 
lesser extent, the wearing of rigid gas-permeable (RGP) and soft (HEMA) contact lenses has been 
reported to induce decreased touch sensitivity of the cornea.83, 99, 101, 141-143  The effect of RGP contact 
lens wear on corneal sensitivity may depend on the DK of the materials113, 141, 143  inasmuch as it has 
been reported that RGP lenses with greater permeability produced a smaller reduction in touch 
sensitivity than occurs with PMMA lens wear.113   With soft lens wear, the extent of the sensitivity 
reduction may vary depending on the water content of the lenses99, 137 and the central cornea has been 
reported to be less affected than the periphery.137   On the other hand, soft lens wear not affecting 
sensitivity has also been reported.144 
The effects of contact lens wear on corneal sensitivity measured using pneumatic stimuli have 
varied.  Murphy et al101  have reported reduction in corneal sensitivity to a cooling stimulus in long 
term soft and RGP contact lens wearers compared to the non-lens wear group, whereas du Toit et al120  
have found no change after non-contact lens wearers wore hydrogel lenses for six months.  Stapleton 
et al108  recently investigated the effect of short-term hydrogel and SH lens wear on corneal and 
conjunctival sensitivity of un-adapted lens wearers.  They found no changes in corneal sensitivity 
after 6 hours of hydrogel or SH lens wear compared to no lens wear,108  and they previously showed 
no change of the central cornea but an increase in sensitivity of the inferior cornea in long term soft 
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contact lens wearers.145  On the other hand,  Feng112 found increased corneal sensitivity (using 
pneumatic stimuli at ocular surface temperature) in un-adapted lens wearers after wearing toric 
hydrogel lenses for 1, 3, and 6 hours and the sensitivity returned to baseline measurement by 2 weeks.  
In addition, no association between the duration of lens wear and the magnitude of sensitivity 
reduction has been reported.101  The topographical variation in sensitivity reduction has been shown 
to be similar between long term soft and RGP lens wear.101 
2.7.2 Recovery of reduction in corneal sensitivity after cessation of contact lens wear 
The decreased corneal sensitivity associated with contact lens wear has been shown to be reversible 
and it has been reported that sensitivity returned to normal levels after lens wear was ended.113   The 
time course for recovery of corneal sensitivity varied depending on the duration of wear and the type 
of lens worn.  Millodot146  found that following 8 hours of PMMA lens wear, a significant recovery of 
touch sensitivity occurred within 1 hour after lenses were removed, while the recovery following long 
term PMMA lens wear took longer (i.e. months) and was related to the number of years of lens 
wear.100 In another investigation, a partial or complete recovery of sensitivity occurred one week after 
refitting long-term PMMA wearers with RGP lenses.141  Using a saline jet stimulus, it has found that 
the recovery of thermal sensitivity after 8 hours of PMMA wear took 24 hours.147   Similarly, a rapid 
recovery of touch sensitivity following soft lens wear has also been reported; sensitivity showed full 
recovery within four hours after lens removal.99, 137    
2.7.3 Interaction of contact lens and care solution and corneal sensitivity 
A recent study described a clinical investigation of two contact lens care products and their 
relationship to corneal sensitivity, comfort and corneal staining and suggested that reduction in touch 
sensitivity was associated with the use of certain lens care product and decreased comfort with lens 
wear.148 
2.7.4 Contact lens wear and conjunctival sensitivity 
Investigations on the effect of contact lens wear on conjunctival sensitivity are scarce.  Using the 
Cochet-Bonnet instrument, decreased lid margin and tarsal conjunctival sensitivity as a result of 
PMMA, RGP and hydrogel contact lens wear have been reported.149, 150  In contrast, increased inferior 
bulbar conjunctival sensitivity to pneumatic stimuli has been noted in un-adapted lens wearers after 1, 
3 and 6 hours of toric hydrogel lenses wear112  and in short-term wearers of high oxygen 
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transmissibility (Dk/t) lenses.108   Similar findings have been reported in lens wearers who had worn 
low Dk/t lens for longer and who were symptomatic of ocular discomfort.145, 151 
Table 2-2 is a summary of reported corneal and conjunctival sensitivity with contact lens wear. 
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Table 2-2 Summary of reported corneal sensitivity with contact lens wear 
Author(s) Lens type & 
wearing mode 





PMMA 9 Boberg-Ans 
(tactile) 
↓ after 1-2 hrs of wear No details presented 
Knoll & Williams 
(1970) 
Soft & rigid 
lenses 
11 rigid and 19 soft 
lens wearers 
20 control 
C-B ↓ rigid lens group vs. SCL 
and control  
 
SCL group vs. control: no 
difference  
Millodot (1974) SCL Adapted wearers 
(1 day - 3 month) 
C-B ↑ immediately after 8 hrs of 
wear; ↓1 hr after  removal 
N/A 
Millodot (1976) PMMA Adapted wearers C-B ↓ after 8 hrs of wear N/A 
Millodot (1978) PMMA 1-22 yrs of hard lens 
wear (n=91) 
C-B ↓ related to the years of 
lens wear 
N/A 
Larke & Hirji 
(1979) 
SCL EW 57 in 3 groups:  
solution; no solution 
Controls (specs) 
C-B ↓ in lens wear vs. control N/A 
Bergenske & 
Polse (1987) 
RGP 10 adapted PMMA 
wearers 
C-B ↑ after refitting with RGP N/A 
Velasco et al 
(1994) 
SCL 
8 hrs of wear 
Adapted wearer 
44 (38% WC) 
23 (55% WC) 
C-B ↓ (38%WC > 55%WC; 8 
hrs > 4 hrs; N/S/I >C/T) 
Full recovery 4 hrs after lens 
removal 
 
Sanaty et al 
(1998) 
PMMA 20 adapted wearer; 
20 age-gender 
matched controls 
C-B ↓ vs. controls  
(central > peripheral) 
 




Tan et al (1997) 12 hrs of wear 12 symptomatic & 
12 asymptomatic  
NCA  cool stimulus:  ↑ to in 
symptomatic (K & Conj) 
(room & os temperature) 
os temperature no different 
Stapleton et al 
(1999) 






↑ in CL wear vs. control 
(inferior K & Conj) 
(os temperature) 
Central K: lens wearers vs. 
control no difference 
daily vs. EW: no difference 
Murphy et al 
(2001) 
RGP & Soft 40 each lens group 
(adapted wearers)  
40 controls 
NCCA  ↓ in CL wear vs. control (room temperature) 
No relationship between 
sensitivity and duration of wear
du Toit et al 
(2001) 
SCL  





No change after 6 months 
of wear 
(room temperature) 
Feng (2003) SCL (toric) 48 neophytes Modified Belmonte 
esthesiometer  
 
↑ after 1, 3 and 6 hours of 
wear and returned to 
baseline by 2 weeks 
(os temperature) 
Both K and conj sensitivity 
 
Stapleton et al 
(2004) 
SCL & SH (6 
hrs of wear) 
10 neophytes Modified Belmonte 
esthesiometer  
↑ conj with SH wear vs. no 
lens and low DK wear  
(os temperature) 
No difference in K sensitivity 
Epstein (2006) SCL + 2 MPSs 8 wearers C-B ↓ ReNu vs. OFX use N/A 
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2.7.5 Possible mechanisms related to altered sensitivity with contact lens wear 
The mechanisms of corneal sensitivity change in contact lens wearers are not fully understood.  
Possible factors that may partly account for the loss of corneal tactile sensitivity in contact lens wear 
have been proposed, including sensory adaptation to mechanical stimulation, metabolic impairment of 
the cornea due to hypoxia and corneal acidosis suppressing nerve function.  Additionally, it has been 
speculated that the stromal acidosis and hypoxia caused by contact lens wear152, 153 may produce 
structural or morphological changes in corneal nerves which may also contribute to the reduction in 
corneal sensitivity.91 
The first experiment to explore the underlying basis of the reduction in corneal sensitivity with 
contact lens wear was carried out by Polse.154   He found that corneal edema induced by wearing 
100% nitrogen gas goggles for 2 hours was not accompanied by altered corneal sensitivity.   There 
was however decreased sensitivity without corneal swelling when PMMA lenses were worn.154   He 
therefore suggested that sensory adaptation to mechanical stimuli but not hypoxia might contribute to 
the reduction of sensitivity in contact lens wearers.154   An early study also showed that the lenses 
producing less mechanical stimulation gave rise to a smaller decrease in corneal sensitivity.150 
Because the recovery of sensitivity in contact lens wear has been reported to be longer when 
compared to adaptation in the other sensory systems (i.e. hours vs. minutes), Tanelian and 
Beuerman147 suggested that the reduction in corneal sensitivity could not be attributable to simple 
adaptation, reflecting a decrease in peripheral neural activity as a result of continuous stimulation.  
They postulated that the reduction in corneal sensitivity in contact lens wear may involve functional 
changes in the corneal sensory receptors resulting from altered metabolism in the receptor or 
epithelium of the cornea, or due to central habituation (which they believed was unlikely).147 
On the other hand, studies have also shown corneal sensitivity decreasing under overnight closed 
eye conditions125, 127 or exposure to reduced partial pressure of atmospheric oxygen.155  Millodot143 
was the first to hypothesise that a metabolic disturbance due to hypoxia of the cornea accounted for 
the loss of sensitivity with contact lens wear.  He compared the effect of three rigid lenses with 
different oxygen permeability and concluded that epithelial oxygen availability was related to the 
changes in corneal sensitivity.156   Moreover, Millodot and O’Leary155 investigated the latency of 
reduction in sensitivity caused by hypoxia and suggested that the period of anoxia in Polse’s 
experiment (2 hours) may have been too short to induce a reduction in sensitivity.  Additional 
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evidence, such as improved corneal sensitivity after switching from PMMA to RGP lens wear141  and 
the effect of lens water content on the magnitude of sensitivity reduction,137 support the hypothesis 
that oxygen availability is related to the decline of sensitivity with contact lens wear. 
How decreased oxygen to the cornea directly affects the function of corneal nerves is not clear.  It 
has been proposed that hypoxia may disturb the synthesis of acetylcholine (or acetyltransferase, the 
enzyme used to synthesize acetylcholine) and this may affect the activity of the corneal nerves.113 
In addition to the mechanical and metabolic theories, alteration in the pH of the cornea has been 
suggested to be a cause of sensitivity reduction.91   Corneal stromal acidosis resulting from 
accumulation of CO2 and lactate under the contact lens could lead to a depression of nerve 
function.152, 153 
Recently, using in vivo confocal microscope, studies have demonstrated no differences in the 
morphology and distribution of corneal nerves and keratocyte density between contact lens wearers 
and controls.157, 158   The investigators suggested that the decreased corneal sensitivity in contact lens 
wearers appeared not to be accompanied by decreased nerve density in the cornea.157, 158 
The current understanding of the effects of contact lens wear on the sensory aspect of the ocular 
surface and the clinical implications of these changes is still limited.  The effect of SH lenses is 
largely unknown and how these new materials and/or lens care regimens affect the function of ocular 





Variation of corneal sensitivity across the cornea 
Chapter 3 was published as follows: 
Eccentric variation of corneal sensitivity to pneumatic stimulation at different temperatures 
and with CO2 
P. Situ, T.L. Simpson, D. Fonn 
Centre for Contact Lens Research, School of Optometry, University of Waterloo, 200 University Ave. 
W., Waterloo, Ontario, N2L 3G1, Canada 
Experimental Eye Research Vol. 85, No.3, 2007 (p.400-405)- reprinted with permission. 
   
 Situ Simpson Fonn 
Experimental design Y Y - 
Data collection Y - - 
Data analysis Y Y - 





The purpose was to measure corneal sensitivity at multiple corneal positions using pneumatic stimuli, 
at room temperature and at ocular surface temperature (with and without CO2 added), in fifteen 
healthy participants.  Sensitivity of central, mid-peripheral, and peripheral cornea was measured using 
a computer-controlled modified Belmonte esthesiometer to deliver pneumatic cool (air at 20°C), 
mechanical (air at 50°C), and chemical stimuli (air at 50°C with CO2 added).   The ascending method 
of limits and method of constant stimuli were adopted to determine the threshold to these stimuli at 
each location. Sensitivity across the cornea using pneumatic stimuli at different temperatures and 
chemical stimuli varied only slightly.  These patterns of variation are different to what has been 
previously reported using Cochet-Bonnet esthesiometry. 
3.2 Introduction 
The cornea is richly supplied by sensory nerves and is one of the most sensitive tissues of the body.1, 2   
Corneal nerves have protective functions and also play important roles in maintaining a healthy 
ocular surface and corneal wound healing.3, 4   Alteration of corneal nerve function has been reported 
among contact lens wearers and those who have undergone refractive surgery.5-10   Advances in dry 
eye research have also suggested a possible link between corneal neural function and the integrity of 
the ocular surface.11-14 
Corneal sensory nerves are primarily from the ophthalmic division of the ispilateral trigeminal 
nerve, via the anterior ciliary nerves, and the nerve plexus of the surrounding conjunctiva.15   After 
entering the cornea, the nerve bundles branch extensively and terminate within the superficial layer of 
the cornea as free nerve endings with large overlapping receptive fields.16-18   On the basis of 
electrophysiological findings in cat and rabbit cornea, different modality-specific corneal sensory 
fibres have been identified,16, 19-23  for example, mechano-nociceptors, polymodal nociceptors and 
cold receptors.  Mechano-nociceptors, which belong to the group of Aδ fibres, respond to mechanical 
forces and are most likely responsible for producing acute, sharp pain by a mechanical contact with 
the corneal surface.  Polymodal nociceptors, on both Aδ and C fibres, are responsive to noxious 
mechanical energy and to chemical and temperature changes.19-22, 24, 25  The cold receptors on C fibres 
(and perhaps Aδ), signal downward temperature variation in the non-noxious range.26, 27 
One function of corneal nerves can be evaluated by measuring corneal sensitivity.  This is an 
important clinical indicator of corneal health and the healing process following various corneal 
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injuries and refractive surgery.28, 29   Until recently, corneal sensitivity has been measured with tactile 
stimuli, usually delivered by a Cochet-Bonnet esthesiometer.  Using this device, corneal sensitivity 
varies as a function of corneal eccentricity; the sensitivity is greater in the centre than in the 
periphery.30-32   The variation of corneal sensitivity described in these studies is limited to touch only, 
because of the stimulus.  The recent development of pneumatic esthesiometers33-35 has allowed 
measurements of corneal sensitivity over a range of stimuli comprising mechanical, chemical and 
thermal.  In addition, using this type of device, a number of studies have reported the sensory 
experiences evoked by different modalities of stimulation of the human cornea.24, 36, 37   However, 
there are no reports of corneal sensitivity to pneumatic mechanical and cool, and chemical stimuli at 
various locations of the cornea.  It is unknown whether the variation of corneal sensitivity 
demonstrated with tactile stimuli would be similar if different stimulus modalities were used. 
In the present study, we therefore used a Belmonte esthesiometer 33 to deliver pneumatic 
mechanical and cool, and chemical stimuli to various positions on the cornea and examined the 
variation of corneal sensitivity to these different types of stimuli.  These variations were also 
compared to those previously reported using the tactile stimuli of a Cochet-Bonnet esthesiometer. 
3.3 Methods and Materials 
3.3.1 Subjects 
15 healthy participants, consisting of 6 females and 9 males, aged from 21 to 46 (mean ± SD, 30.2 ± 
8.3) were studied.  They had no history of eye or systemic diseases or surgery.  Two of them had 
previously used daily wear contact lenses but had not been wearing them for at least one month prior 
to their participation.  This study followed the tenets of the Declaration of Helsinki for research 
involving human subjects and received the clearance from the University of Waterloo, Office of 
Research Ethics (Waterloo, Ontario, Canada). 
3.3.2 The Belmonte Esthesiometer 
The design principle of Belmonte Esthesiometer has been previously described in detail.33   A 
computer-controlled modified Belmonte Esthesiometer was used to deliver the pneumatic mechanical 
and cool, and chemical stimuli. In brief, this instrument contains computerized flow controllers 
mixing air and CO2 as well as controlling stimulus temperature.  A video camera continuously 
monitored the distance between, and orthogonal alignment of the tip of the esthesiometer and the 
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ocular surface.  Custom software was used to select stimulus duration and record subject responses 
from a button box. 
3.3.3 Procedures 
Measurements were performed on the right eye only, at the central (C), nasal and temporal mid-
peripheral (N2 and T2, pupil edges under room illumination, approximately 2-2.5 mm from the apex) 
and peripheral cornea (N1 and T1, approximately 1 mm to the visible margin between transparent 
cornea and limbus) along the horizontal meridian (Figure 3-1) for the pneumatic mechanical and cool 
sensitivity experiments, and at three locations (N1, C and T1) for the chemical experiment. Subjects 
were instructed to view fixation targets at 3 meters and the tip of the esthesiometer was rotated to 
ensure the stimulus was delivered perpendicular to the corneal surface regardless of eccentricity.  The 
tip of the esthesiometer was 5 mm from the surface of the cornea and this was continuously verified 
using the video camera (set using the optical focusing mechanism in the esthesiometer mount 
eyepiece). 
 
Figure 3-1 The stimuli location for T1, T2, C, N2 and N1 
 
Corneal thresholds with different stimuli were measured in three separate sessions at approximately 
the same time of the day.  All measurements were conducted at least four hours after subjects awoke. 
The pneumatic mechanical and cool stimuli consisted of a series of air pulses with flow rate 
varying from 0 to 200 ml/min.  Chemical stimulation was induced by increasing the concentration of 
CO2 in the air. The stimulus temperature was set at 20°C (room temperature) for pneumatic cool 
stimuli (a mechanical stimulus with cooling effect ),34, 35, 37-41  and at 50°C which was approximately 
33°C at the ocular surface 24, 33, 36  to eliminate a thermal effect for the pneumatic mechanical and 
 
 42 
chemical stimuli. The stimulus duration was one second with an interval between stimuli after the 
subject’s responses of 10 seconds for the pneumatic cool and mechanical stimulation and 45 seconds 
for the chemical stimulation (to allow for purging of previous gas mixture).  Two seconds prior to 
each stimulus, a short tone was given by the computer to instruct the subject to blink and look at the 
fixation target.  The subject was informed that they were to blink freely and also to close their eyes or 
look down between stimuli.  Subjects could interrupt the trials if necessary. 
Using the ascending method of limits,42 a gross threshold for the pneumatic mechanical or cool 
stimulus was first estimated at each location. On the basis of this, the stimulus intensities for a 
method of constant stimuli42 were selected to determine pneumatic mechanical and cool thresholds.  
Six levels of stimuli (ranging around ± 25 ml/min of the initial gross threshold) were randomly 
presented at each location and each presented 4 times. The midpoint (50%) and the slope of the 
psychometric function were estimated using nonlinear regression fits of the logistic function: 
Likelihood of detection = 1 – (1 / (1 + (Stimulus intensity / Threshold) ^ Slope)).   In the chemical 
sensitivity experiment, the air flow was set at half of the initially estimated mechanical threshold and 
then CO2 was added in increments of 3% CO2. The ascending method of limits as described 
previously was used to determine the chemical threshold (to minimise subject fatigue resulting from 
the long two-step procedure in the pneumatic mechanical and cool sensitivity experiment).  The 
chemical threshold was the average of three first reports of stimulus detection. 
3.3.4 Data analyses 
Statistical analyses were performed using Statistica 7.0 (StatSoft Inc. Tulsa, OK USA).  Data were 
expressed as mean ± SEM.  Repeated Measures ANOVA and post hoc Tukey tests were used to 
compare the differences in thresholds and slopes from the psychometric functions at each location.  
Significance was set at p≤0.05. 
3.4 Results 
Chemical thresholds did not differ with location (F(2, 28)= 1.38, p>0.05).  For pneumatic mechanical 
and cool experiments, ANOVA showed significant differences in thresholds between locations (F(4, 
56)= 5.98, p<0.01). The differences in threshold between locations were not affected by gas 
temperature (F(4, 56)= 0.60, p>0.05, Figure 3-2). Tukey HSD tests showed that threshold to pneumatic 
cool stimuli at T1 was different to other locations except for location C (all p<0.05), and there was a 
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difference between C and N2 (p=0.05).  For mechanical threshold, only the difference between T1 
and N2 was significant (Tukey HSD test, p=0.05). 
For pneumatic cool and mechanical stimulation, there was no difference in the slope of 
psychometric function between locations and no interaction between location and temperature (F(4, 
56)= 0.85 and 1.76 for location and interaction between location and temperature, respectively, all 
p>0.05). 






























 Pneumatic cool (20oC)
 Pneumatic mechanical (50oC)
 
Figure 3-2 Plots of threshold variation for pneumatic cool and mechanical stimulation 
Note: Vertical bar denote 95% confidence intervals 
 
3.5 Discussion 
This study examined the variation of corneal sensitivity with pneumatic mechanical and cool, 
chemical stimulation at different corneal positions.  The pneumatic mechanical and chemical 
thresholds of the central cornea in our study are similar to those published previously measured using 
Belmonte esthesiometers.12, 25, 33, 36, 41, 43   The thresholds to pneumatic cool stimuli were generally 
lower than the pneumatic mechanical threshold at each corresponding location consistent with 
previous results.37, 41 
Corneal sensitivity partly reflects the function of sensory nerve fibres of the cornea and perhaps 
represents their density.2   Aδ and C fibres are the smallest diameter and most abundant axons of the 
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peripheral nerve bundles.44   They terminate as free nerve endings in the superficial layers of the 
cornea and function as nociceptors and cold detectors.2, 16, 20, 22, 45, 46   For many years, our 
understanding of the anatomy of the sensory system in human cornea was largely based on the data 
from species other than human.  It had been shown that neural density was greater toward the center 
than the periphery in cats and rabbits.2, 47  Rózsa and Beuerman (1982) studied density and 
organization of free nerve endings in rabbit corneal epithelium using light microscopy, and reported 
that the neural density was greatest at the apex and suggested that this distribution was matched to 
mechanical sensitivity almost perfectly. 
In the present study, corneal sensitivity to mechanical and pneumatic cool stimuli varied only 
slightly across the horizontal meridian, but the pattern was unlike the previously reported neural 
density variation.30-32   This small variation with position is similar to the corneal cooling threshold 
pattern reported by Murphy et al.39   Recent studies, describing the architecture of human corneal 
nerves in fresh cornea 46, 48  and in living eye observed using a confocal microscopy,49  have revealed 
a novel arrangement of the subbasal plexus when compared to that seen in rabbit corneas.  Nerve 
bundles in the subbasal plexus form a regular dense meshwork with approximately equal density over 
a large central and peripheral area, suggesting a homogeneous distribution of nerve endings extending 
out to the peripheral cornea in human.46  If, as Rózsa and Beuerman have suggested, sensitivity maps 
onto neural density, then results from the current study are in accord with this finding about the 
distribution of human corneal nerves. 
Functional heterogeneity of corneal sensory fibres has been demonstrated in electrophysiological 
investigations in animals.16, 17, 19, 21, 26   Studies have shown that different functional types of receptors 
are activated by the specific modality of stimuli, for example mechanical stimuli activate both 
mechano-nociceptors and polymodal nociceptors, while chemical and thermal stimuli activate 
polymodal nociceptors or chemoreceptors; the cold-sensitive receptors respond to decrease in 
temperature.16, 19-22, 24, 25, 50  However, how these specific types of receptors are distributed among the 
two types of nerve fibres is unknown and the relationship between the structural and functional 
specialization of the corneal nerve fibres has not been established in humans. In the current study, the 
patterns of variation in mechanical and chemical thresholds are comparable, suggesting that the 
distribution of the functional types of neurons is probably similar across the cornea.   Thresholds to 
pneumatic cool stimuli appeared to be lower than the mechanical threshold at each corresponding 
location although the difference was not statistically significant in this study.  Similar results were 
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found in a study in which sensitivity at central and inferior cornea were compared.41   The differences 
between thresholds with air pulses at 20°C (room temperature) and 50°C (ocular surface temperature) 
most likely reflects the contribution of the population of corneal “cold” receptors.51 
In the present work, higher sensitivity to pneumatic cool stimuli was exhibited at the temporal 
periphery of the cornea.  The actual reason for this variation is unclear.  Corneal cooling could result 
from convection and evaporation that would additionally activate “cold” sensitive receptors.27, 51  The 
convection and evaporation rate may not be equal on the ocular surface.  It has been shown that the 
nasal portion of the eye is warmer than the temporal side when measured using a thermography.52   
This may contribute to the asymmetric pattern in pneumatic cool thresholds between temporal and 
nasal periphery. 
There are generally two types of instruments used to measure corneal sensitivity: Contact devices 
such as the Cochet-Bonnet esthesiometer and pneumatic devices. It has been reported that the 
“mechanical” threshold measured using these two types of esthesiometries was not correlated.35, 53   
Cochet-Bonnet esthesiometry uses a small diameter nylon thread to deliver a direct mechanical 
stimulus to the corneal surface.  In contrast, pneumatic esthesiometry uses an air column to induce a 
mechanical effect on the cornea.34  Our experiment points to an additional difference between Cochet-
Bonnet and pneumatic esthesiometers.    Sensitivity measured by Cochet-Bonnet esthesiometry has 
typically been reported to decline markedly across the cornea,30-32, 54  whereas in our study there were 
remarkably similar thresholds in the centre and periphery of the cornea, regardless of stimulus type. It 
has been hypothesized that tactile and pneumatic stimuli may somehow recruit different functional 
classes of sensory receptors.51   Presumably, the mechano-nociceptors, a specific subgroup of Aδ 
fibres, are responsible for the touch sensation induced by this type of measurement, while the stimuli 
from pneumatic esthesiometer are considered to activate both Aδ and C fibres, involving both 
mechanosensory and polymodal receptors.  In addition, several shortcomings of Cochet-Bonnet 
esthesiometry29, 53 such as poor stimulus control and the perceived invasiveness resulting in patient 
apprehension, may influence the results of corneal sensitivity measurement.  How this would differ 
across the cornea, though, is unclear.  Perhaps those stimuli closer to the visual axes are more visible 
and therefore induce more apprehension and this criterion change appears as greater sensitivity. 
Another possible experimental reason for an inability to find a difference between the central and 
peripheral thresholds, as has been found using the Cochet-Bonnet esthesiometer, may be due to lack 
of statistical power.  This observation is not strictly correct however, because we did show that 
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temporal pneumatic cool threshold was lower than in other positions.  In addition, we believe that a 
more pertinent observation with these stimuli was the very slight variation in thresholds across the 
cornea, particularly when compared to that reported using Cochet-Bonnet.30, 31   This relative 
constancy occurred for each of the three stimulus types, and is in accord with the findings of other 
studies using pneumatic stimuli that there is much less difference in threshold between cornea and 
conjunctiva35, 36, 43  than when measured using a Cochet-Bonnet esthesiometer. 
In summary, corneal sensitivity to pneumatic mechanical and cool stimuli varies slightly across the 
cornea and chemical sensitivity is approximately constant. This pattern, without a marked increased 
sensitivity in the central cornea, is different to the variation previously described with tactile stimuli.  
The distribution of corneal sensory fibres in human may be more homogeneous than previously 
believed. 
Understanding the regional distribution of corneal sensitivity to pneumatic mechanical, chemical 
and cool stimuli may be helpful clinically in understanding the health of the cornea, particularly when 






Transducer function of central and peripheral cornea 
4.1 Overview 
Purpose: To investigate the psychophysical transducer functions of central and peripheral cornea to 
mechanical and chemical stimulation. 
Methods: Nine healthy subjects participated in the study.  Mechanical and chemical stimuli, at and 
above thresholds, were delivered to the central and temporal peripheral cornea (about 2mm from 
limbus) using the Belmonte pneumatic esthesiometer.  The magnitude of the evoked sensation was 
estimated with a modulus free technique.  The relationship between the physical intensity of various 
stimuli and the normalised sensory magnitudes was estimated and compared between the two 
locations in the cornea. 
Results: The sensations evoked by mechanical and chemical stimuli in central and peripheral 
cornea were nociceptive in nature.  The size of the power exponents at the central and peripheral 
cornea were similar (paired t-test, p>0.05) while the exponents for mechanical and chemical 
stimulation were different (paired t-test, p<0.05). 
Conclusion: This study demonstrated that Stevens’ Power Law also applies to the processing of 
pneumatic mechanical and chemical stimuli at the central and peripheral cornea.  It appeared that 
transducer functions characterizing suprathreshold scaling were similar regardless of position, but 
there may be different suprathreshold functioning in response to mechanical and chemical 
stimulation. 
4.2 Introduction 
The cornea is subject to broad environmental challenges and is densely innervated1, 2 by sensory 
nerves that predominantly originate from neurons located in the ipsilateral trigeminal ganglion.3   
These neurons (or primary afferents) can be classified as finely myelinated (Aδ type) and 
unmyelinated (C type) fibers based on their size, presence of a myelin sheath in the axon and 
conduction velocity.4   The peripheral axons of the neurons, terminate throughout the superficial 
layers of the corneal epithelium as “free nerve endings”,5  although specialized neural terminals have 
been described in the limbus and perilimbal bulbar conjunctiva.6     Different modality-specific 
corneal sensory neurons have been identified in cats and rabbits,4, 7-13  these being primarily, 
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polymodal nociceptors, cold receptors and mechanonociceptors.  Polymodal nociceptors are 
responsive to noxious mechanical, chemical and temperature changes and the cold receptors signal 
downward temperature variation in the non-noxious range, while mechano-nociceptors respond to 
mechanical forces and are most likely responsible for producing acute, sharp pain in response to 
mechanical contact with the corneal surface.12-14   In addition, a small number of low-threshold 
mechanical receptors have been found in the limbus.13   Separate populations of sensory neurons 
detect submodalities of the stimuli and the encoded information is subsequently processed at various 
levels of the central nervous systems and interpreted as the perceived sensations.15 In humans, 
sensations evoked by stimulation to the cornea are largely unpleasant or painful in nature.16-20 
Because of these unique features, the sensory innervation of the cornea provides a useful model to 
study pain mechanisms. 
The measurement of sensation magnitude is a complex problem in psychophysics because the 
relationship between sensory magnitude and stimulus intensity is usually not linear.21   The plot of the 
magnitude of a sensory attribute against the corresponding physical values of the stimulus is called 
psychophysical magnitude (or transducer) function, and is essential in understanding the operation of 
each sensory system.21   In humans, magnitude estimation is a frequently used scaling method to 
quantify sensory attributes in relationship to physical stimuli;22 21 the participant is required to provide 
numbers that represent  the sensation magnitude produced by the physical stimuli.22  Stevens23 
proposed that this relationship between sensation magnitude and stimulus intensity was a power 
function and the size of power exponent could be used to predict the magnitudes estimated from other 
stimulus intensities.23    
Very few studies have investigated the exponent of corneal power function 17, 19, 24, 25   and there are 
no reports of the suprathreshold sensation intensities evoked by mechanical, chemical and thermal 
stimulation at various corneal locations.  Previous studies have shown little variation between central 
and peripheral corneal detection thresholds when measured using pneumatic esthesiometers,26-28 but it 
is unknown whether the mechanisms responsible for corneal sensations evoked by suprathreshold 
pneumatic stimulation would be similar between locations. 
Therefore this study was conducted to characterize the suprathreshold behaviour with mechanical 
and chemical stimulation of the central and peripheral cornea, and to compare the psychophysical 
transducer function for each modality and location. 
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4.3 Methods and materials 
4.3.1 Subjects 
Nine healthy subjects (5 females and 4 males; aged from 21 to 44, mean ± SD, 28.9 ±7.4), who were 
non-contact lens wearers and had no history of ocular or systemic diseases or surgery, participated in 
the study that was conducted in accordance with the guidelines of the Declaration of Helsinki. Ethic 
clearance was received from the University of Waterloo, Office of Research Ethics (Waterloo, 
Ontario, Canada).  Informed consent was obtained from each subject. 
4.3.2 The Belmonte esthesiometer 
A computer-controlled Belmonte esthesiometer that has been described in detail elsewhere17, 20, 28 was 
used to deliver the mechanical and chemical stimuli to the central and temporal peripheral cornea 
(about 2mm from limbus) of the right eye. 
The mechanical stimuli consisted of a series of air pulses with flow rate varying from 0 to 200 
ml/min.  Chemical stimulation was induced by increasing the concentration of CO2 (from 0 to 90%) 
in the air with the flow rate at 70% of the mechanical threshold.  The temperature of the stimulus was 
set at 50 ºC, which (based on our calibration) dropped to approximately 33 ºC at the ocular surface. 
4.3.3 Procedures 
At the initial assessment, subjects received a training session using the central cornea of the left eye. 
In order to define the stimulus range, detection thresholds to mechanical and chemical stimuli at both 
test locations were estimated using the ascending method of limits, (averaging of three first reports of 
stimulus presence). Mechanical and chemical stimuli were then set at nine levels with equal 
separation, ranging from threshold to a maximum of five times (5x) the mechanical threshold and 
three times (3x) the chemical threshold. Because the physical limits of the esthesiometer were 200 
ml/min flow rate and 100% CO2, the stimuli maxima had to be modified occasionally.  In those cases, 
rather than measurement being 5x or 3x the threshold, 200 ml/min flow rate or 100% CO2 were used.  
In addition, in two subjects with low chemical thresholds, stimuli ranges were extended to 5x. The 
duration of each stimulus was two seconds. 
Measurements were made during four separate sessions at approximately the same time of the day.  
All measurements were conducted at least four hours after subjects awoke to minimize the influence 
of diurnal effects.29   The order of the test location and the stimulus modality was randomly assigned 
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and in each session, the intensity of the stimulus was presented in random order, with a minimum 
inter-stimulus interval of two minutes.  Each stimulus was presented three times. 
Sensory magnitude was scaled using magnitude estimation with a modulus free technique (no 
numerical value assigned to a standard stimulus).22   Following each stimulus, subjects were asked to 
assign a number to the magnitude to the stimulus; they were instructed to choose whatever range of 
numbers felt most comfortable, to place no upper limit on the numbers and to assign the numbers that 
directly reflected their subjective impression of the sensation they perceived. 
4.3.4 Data analysis 
For each modality and location, all sensation magnitudes (the numbers assigned) by a single subject 
were standardized after the experiment by dividing individual responses to each stimulus intensity by 
the overall mean response of the subject to all the stimuli; this normalized the numerical ranges 
chosen by each subject.30   In addition, because the stimulus intensities were scaled based on subject’s 
detection thresholds, “times threshold” was used to standardize stimulus intensity. 
These standardized sensation magnitudes and stimulus intensities were used in the data analysis, 
performed using Statistica 8.0 (StatSoft Inc. Tulsa, OK, USA), and p≤0.05 was considered to be 
statistically significant.  Non-linear regression analysis was used to derive Stevens' power functions,23 
estimating the exponent n and constant a for each subject’s data fit to y=axn (where y is the sensation 
magnitude, a is a scaling constant, x is the stimulus intensity, and n is an exponent characteristic of 
the stimulus used).  Paired t-tests were used to compare the differences in the size of the power 
exponent and the constant between modalities and locations.  In addition, the group average of 
sensory responses corresponding to the stimulus intensity was fit with non-linear (logistic) function 
for each modality and location. 
4.4 Results 
The sensations evoked by mechanical and chemical stimuli to central and peripheral cornea were 
generally described to be unpleasant or painful, although for mechanical stimulus at threshold it 
sometimes described as “blowing air” or “windy”.  Detection thresholds to mechanical and chemical 
stimulation for central and peripheral cornea are shown in Figure 4-1.  There was no significant 
difference in threshold between the two locations (paired t-test, p=0.08 and =0.74 for mechanical and 

















































Figure 4-1 Mechanical and chemical thresholds at different locations 
Note: Values were mean ± SEM.   
 
The power function exponents and constants (mean ±SEM) are presented in Tables 4-1 and 4-2, 
respectively.  Significant differences in exponents were found between stimulus modalities (paired t-
test, p=0.03 and 0.04 for central and peripheral stimulation, respectively), with greater exponents for 
mechanical stimulation than chemical ones.   Exponents were similar for the stimulation of central 
and peripheral cornea, although the location difference for mechanical stimulation approached 
significance (paired t-test, p=0.06 and 0.93 for mechanical and chemical stimulation, respectively).   
There was also a significant difference in scaling constants between modalities (paired t-test, p<0.01 
and p=0.02 for central and peripheral stimulation, respectively) but not between locations (paired t-




Table 4-1 Power exponent (n)  
 Central Peripheral Paired t-test p 
Mechanical 1.38 ± 0.19 1.19 ± 0.14 0.06  
Chemical 0.97 ± 0.25 0.96 ± 0.13 0.93 
Paired t-test p 0.03 0.04 ---- 
 
Table 4-2 Constant (a) 
 Central Peripheral Paired t-test p 
Mechanical 0.32 ± 0.04 0.34 ± 0.03 0.29 
Chemical 0.54 ± 0.04 0.49 ± 0.05 0.28 
Paired t-test p <0.001  0.02  ---- 
 
Transducer functions are not only well fit by power functions,16, 31 the “goodness” of fit of the 
curve to the data for the logistic models were also high (all r2 ≥0.97).  To illustrate this, figures 4-2 to 
4-5 show the grouped data fit using logistic functions (the inset demonstrates the grouped data of 
power function fit for comparison, all r2 ≥0.94 for the fits of power function) : These too are able to 
differentiate the modality and location effects that are manifest as the power function exponent and 
scaling constant differences.    The forms of the curve were different between mechanical and 
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Figure 4-2 Plots of central mechanical stimulation 
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Figure 4-3 Plots of peripheral mechanical stimulation 
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Figure 4-4 Plots of central chemical stimulation 
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Figure 4-5 Plots of peripheral chemical stimulation 






The present study compared the psychophysical transducer or magnitude functions for mechanical 
and chemical stimulation of central and peripheral cornea.  Similar to previous findings, sensation 
elicited by noxious mechanical and chemical stimulation of human cornea has been predominantly 
along the pain continuum.16, 18-20 The magnitudes of the sensations were power functions of stimulus 
intensity and seemed to be stimulus modality dependent.  The averaged exponents of mechanical and 
chemical transducer functions at the central cornea in the study were similar to those previously 
reported.17, 19, 24, 25 
The psychophysical magnitude function for a particular sense modality or test condition represents 
the relationship between the magnitude of a sensory attribute and the corresponding physical values 
of a suprathreshold stimulus.  It provides insight into the transmission of information through the 
sensory nervous system, including transduction of stimulus energy into neural impulses, encoding of 
neural impulses and judgmental process in the central nerve system.21   In this study, the magnitude of 
the sensation produced by mechanical stimulation seemed to be lower at threshold, compared to that 
evoked by chemical stimulation, but sensation intensity accelerated with stronger stimulus intensity, 
leading to a greater power function exponent.  The different psychophysical magnitude functions 
suggest that distinct sensory mechanisms are involved in processing mechanical and chemical 
stimulation of the cornea, and supports the parallel psychophysical channel hypothesis proposed for 
the cornea 32  and other components of the somatosensory system.33, 34 This suggests, that the 
processing of mechanical stimulation generates greater unpleasant sensations soon after detection and 
that there, perhaps, is greater emphasis on noxious mechanical stimulation of the cornea than 
chemical stimulation. 
Besides observations from psychophysical studies, pharmacological and physiological evidence 
also suggests that stimulus of submodalities may be conveyed by separate neural pathways.8, 16, 19, 35   
For example,  topical capsaicin (an irritant substance with selective excitatory effects on polymodal 
nociceptors36 ) blocks impulses of corneal polymodal nociceptors stimulated using acid and heat but 
not mechanically.8   Furthermore, the responses of corneal nociceptors to acidic solution were 
reduced by some Ca2+ antagonists without apparently affecting their responsiveness to mechanical 
stimuli.35   These illustrate that mechanotransduction and chemotransduction involve separate 
mechanisms, i.e. the contributions of specific ion channels and other signalling molecules and their 
complex interactions with corneal nociceptors may be different.37   Electrophysiological studies have 
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also shown that the cornea possesses functionally specific sensory receptors that are preferentially 
activated by different stimulus types.13, 16, 19  The transduced information is processed by different 
classes of neurons that lead to distinct corneal sensations.13    Mechanical stimulation activates mainly 
phasic mechanosensory and polymodal afferents, and strong stimulation presumably induces a sharp 
pain,16  while chemical stimulation activates polymodal afferents evoking sustained duller irritation 
and pain.16, 19    
There is evidence that in addition to the modality specificity in corneal primary sensory neurons, 
higher order processing of these separate mechanical and chemical inputs is different.  It has been 
shown that the distribution of higher-order corneal neurons within the trigeminal complex are 
modality-specific.38   Neurons excited by polymodal input (i.e., CO2-responsive units) and activated 
by mechanical only (i.e., not responsive to CO2) have been found in both the subnucleus interpolaris-
caudalis transition and subnucleus caudalis-upper cervical spinal cord junction region.39   The efferent 
projections of these neurons are either to the thalamic posterior nucleus/zona incerta or the superior 
salivatory/facial nucleus region, depending on the modality of the peripheral input.39  In the present 
study, in addition to the differences between the power functions with stimulus types, the activation 
of distinct populations of corneal and higher order neurons when mechanical and chemical stimuli 
were used may also be inferred from the difference in intensities and characteristics of pain evoked. 
In contrast to the differences in power functions with chemical and mechanical stimulation, we 
were unable to show difference between stimulus locations.  There is recent evidence of neural 
density in human corneas  and in living eyes observed using confocal microscopy,5, 40, 41  that there is 
a previously unreported novel arrangement of the subbasal plexus with approximately equal density 
over a larger central and peripheral area.5, 42   Studies have also demonstrated less variation of 
thresholds over the cornea using pneumatic cooling, mechanical and chemical stimuli,26-28, 42  than 
previously evidenced using Cochet-Bonnet tactile stimulation.43-45 This slight threshold variation was 
also confirmed in the current study.  In addition, similar suprathreshold behaviour with noxious 
stimulation of central and peripheral cornea extends the description of the functioning of these neural 
mechanisms.  Many lines of evidence are now converging to suggest that the channels that mediate 
corneal nociception behave similarly regardless of whether corneal stimulus location is central or 
peripheral. 
Stevens23 proposed that the exponent of the power functions he hypothesized characterized 
suprathreshold processing by sensory systems, partially reflected the potential danger to the organism.  
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The highest exponent reported, for example, was 3.5 when subjects received electric shock! In this 
light, the noxious stimuli used in this experiment were anticipated to generate high power function 
exponents (larger than 1.0), but they were not that high (one-sample t-tests showed that they were not 
statistically different than 1.0 [all p≥0.07]) and were generally similar to those reported by Millodot 
using tactile-mechanical corneal suprathreshold stimulation.25  Applying the theory proposed by 
Stevens, that the exponent of the transducer function reflected potential danger to the organism, this 
would suggest that corneal irritation is not physiologically as harmful as electric shock. The 
exponents with chemical stimulation, were in addition, statistically lower than the mechanical ones 
(Table 4-1). As mentioned before, the implication is that the corneal sensory systems processing the 
different pneumatic stimuli are not the same – in channel theory, the chemical and mechanical 
channels are not the same.32  One classification of pain processing comprises two subsystems, 
supported by the Aδ and C-fiber structural dichotomy.46, 47  If this separation that includes the 
phenomonenological distinction into fast, sharp pricking pain and slow burning pain, is also manifest 
on the cornea, then the mechanical and chemical corneal stimuli each selectively stimulated one of 
these subcomponents. Importantly, though, the difference in power function exponents suggests that 
the C-fiber subsystem gain (indicated by the power function exponent) is lower than that of the Aδ 
subsystem.    
In summary, the current study showed that transducer functions characterizing suprathreshold 
scaling of mechanical and chemical stimulation were different, whereas suprathreshold functioning 
was similar in the central and peripheral cornea.  In addition to illustrating that, like other sensory 
systems studied in similar ways, Stevens’ Power Law also applies to the processing of pneumatic 
mechanical and chemical corneal stimuli.  These findings may provide useful information in 
eventually understanding and better managing symptoms arising from the ocular surface, as 
unpleasant corneal (or ocular surface) sensations that may be the commonest reasons for visits to 
ophthalmic clinicians.48 Also, these sensations can be induced or exacerbated by refractive surgery49, 
50  contact lens wear,51-54 and Dry Eye, a disease that impairs the functioning and quality of life of 






Interaction of corneal nociception and tear secretion 
5.1 Overview 
Purpose: To investigate the interaction between corneal stimuli at different positions and tear 
secretion, and establish relationships between nociceptive stimuli detection thresholds and stimulated 
tearing. 
Methods: Using a computerized Belmonte-esthesiometer, mechanical and chemical stimuli, from 0 
to 200% of the threshold in 50% steps, were delivered (in random order) to the central and peripheral 
(approximately 2-mm inside the limbus) cornea in four separate sessions to 15 subjects.  Immediately 
following each stimulus, tear meniscus height (TMH) was measured using an Optical Coherence 
Tomographer (OCT) to quantify the amount of lacrimal secretion, and subjects reported whether they 
felt tears starting to accumulate in their eyes.  Thresholds (50% detection) for detection of tearing 
were estimated. 
Results: TMH increased with increasing stimulus intensity (p<0.05) and the overall increase was 
higher with central stimulation compared to the periphery (p<0.05).  The changes in TMH with 
threshold-scaled stimulus intensity depended on test location (p<0.05) and stimulus modality 
(p<0.05).  The maximum intensity of mechanical stimulation of the central cornea induced the 
greatest TMH (all p<0.05).  For chemical stimulation, the stimulus intensity required to induce 
detectable tearing was higher than that to detect a stimulus and higher in the periphery than the center 
(all p<0.05). 
Conclusions: Noxious mechanical and chemical stimuli evoked measurable tear secretion, with 
central corneal mechanical stimulation evoking the strongest lacrimation reflex.  Central mechanical 
corneal stimulation is the most effective stimulus-position pairing and appears to be the major sensory 





Tear secretion is controlled by the integrated lacrimal functional unit that comprises the ocular 
surface (cornea, conjunctiva and meibomian glands), the lacrimal glands and the sensory afferent and 
autonomic efferent nerves that connect them.1-3    The functional unit regulates the major components 
of the tear film1, 4  and responds to environmental, endocrine and central neural influences,2, 3, 5, 6  with 
overall function to protect the integrity of the tear film and the ocular surface and maintain the quality 
of the principle optical component of the eye.7 
The sensory signals arising from the ocular surface are an important aspect of the lacrimal 
functional unit.7   It has been considered that waking tear production is driven by a reflex circuit 
consisting of the sensory afferents coming mainly from the ocular surface, the synaptic integration at 
the spinal trigeminal nucleus (Vsp) and a relay to the superior salivatory nucleus (SSN) located in the 
brainstem, and the efferent fibers to parasympathetic and sympathetic ganglia and then to the lacrimal 
glands and other ocular surface tissue.2, 6, 8, 9   During the steady state, without injury or pathology, the 
sensory nerves of the ocular surface provide low level input to the functional unit and operate with the 
efferent parasympathetic and sympathetic nerves to modulate resting tear flow.5, 7   Stimulation of 
sensory nerves near or above injurious levels results in tear secretion and other reflexes to protect the 
eye from potential damage.10 
The cornea is richly innervated by sensory nerves that serve important sensory and reflex 
functions.11, 12    Corneal sensory nerves predominantly originate from neurons located in the 
ipsilateral trigeminal ganglion and can be classified as thin myelinated (Aδ type) and unmyelinated 
(C type) fibers.10   The peripheral axons of the neurons, terminate throughout the corneal epithelium 
as “free nerve endings”,12-15  although encapsulated neural terminals have been observed in the limbus 
and perilimbal bulbar conjunctiva.16   Despite lack of morphological specialization at the endings, 
different functional sensory fibers including polymodal nociceptors, mechanonociceptors and cold 
receptors have been identified based on their electrophysiological properties.17, 18   In addition, a small 
number of low-threshold mechanical receptors have been found in the limbus.17   Recently, a study 
has proposed that the afferent pathways of basal and reflex tearing might involve a different subclass 
of sensory receptors.19 
Although the peripheral and central neural pathway for lacrimal reflex induced by corneal 
stimulation has been partially elucidated, the relationship between the intensity of the sensory input 
and the outflow of the efferent autonomic nervous system in the lacrimal functional unit has not been 
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defined.  It is unclear whether tear secretion induced by stimulation at the central and peripheral 
cornea has the same neural circuitry, although it has been suggested that the corneal distribution of 
functional types of receptors might be similar.20   Additionally, the psychophysiological functions of 
stimulated lacrimation and how they relate to the stimulation of the central and peripheral cornea have 
not been explained. 
In the present study we investigated the interaction between stimulation at various corneal positions 
and the efferent output, as determined by the tear secretion, and defined the psychophysiological 
function as the relationship between stimulus intensity and stimulated tearing.  Systematically varied 
intensities of mechanical and chemical stimuli were delivered to different positions of the cornea 
using a Belmonte pneumatic esthesiometer. Tear volume expressed by tear meniscus height (TMH) 
was quantified using an Optical Coherence Tomographer (OCT)21  and perceived lacrimation was 
quantified following each stimulus. 
5.3 Methods and Materials 
5.3.1 Subjects 
Fifteen healthy subjects, consisting of 9 females and 6 males, aged from 18 to 47 (mean ± SD, 31.6 
±7.9), who were non-contact lens wearers and had no history of ocular or systemic diseases or 
surgery, participated in the study. 
This study was conducted in accordance with the guidelines of the Declaration of Helsinki and 
received clearance from the University of Waterloo, Office of Research Ethics (Waterloo, Ontario, 
Canada).  Informed consent was obtained from each subject. 
5.3.2 Mechanical and chemical stimulation 
A computer-controlled Belmonte esthesiometer that has been described in detail elsewhere20, 22, 23  
was used to deliver mechanical and chemical stimuli to the central and temporal peripheral cornea 
(about 2mm from limbus) of the left eye. 
The mechanical stimuli consisted of a series of air pulses with flow rate varying from 0 to 200 
ml/min.  Chemical stimulation was induced by increasing the concentration of CO2 in the air with the 
flow rate well below the mechanical threshold.  The temperature of the stimulus was set at 50 ºC, 
which dropped to approximately 33 ºC at the ocular surface. 
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At the initial assessment, subjects received a training session using stimulation of the central cornea 
of the right eye. Initial detection thresholds to mechanical and chemical stimuli at both test locations 
were then estimated using the ascending method of limits (the average of three first reports of 
stimulus presence), in order to define the stimulus range.   Mechanical and chemical stimuli were set 
at five levels, ranging from 0 to 200% of the initial detection threshold in 50% steps.  Measurements 
were made during four separate sessions at approximately the same time of the day.  All 
measurements were conducted at least four hours after subjects awoke to eliminate diurnal effects.24   
The order of the test location and the stimulus modality was randomly assigned and in each session, 
the intensity of the stimulus was presented in random order, with a minimum inter-stimulus interval 
of two minutes; each stimulus was delivered three times. 
5.3.3 Tear meniscus height measurement 
Prior to each measurement session and immediately following each stimulus, tear meniscus height 
(TMH)21  at the mid-lower lid margin of the left eye was measured using a Humphrey Optical 
Coherence Tomographer (Model 2010, Zeiss Humphrey System, USA) to quantify the amount of 
lacrimal secretion.  Custom software was used to measure TMH of the OCT images. 
5.3.4 Estimation of detectable tearing thresholds 
Subjects reported (yes or no) the presence of detectable tearing using a button box.  Tearing threshold 
(midpoint of detectable tearing “psychometric function”) and the slope were estimated using non-
linear regression fits of the logistic function: Likelihood of reporting tearing = 1 – [1/ (1 + (Stimulus 
intensity/Threshold) Slope)]. 
5.3.5 Data Analyses 
Statistical analyses were performed using Statistica 8.0 (StatSoft Inc. Tulsa, OK, USA) and p≤0.05 
was considered to be statistically significant.  Repeated measures ANOVA and post hoc Tukey HSD 
tests were used to compare the differences in the TMH measurements between intensity levels, 
stimulus positions and modalities, and their interactions.  The detectable tearing thresholds between 




5.4.1 Effects of stimulus intensity, location and modality on TMH 
Measurements of TMH at baseline (prior to each measurement session) and with mechanical and 
chemical stimulation of differing intensities stratified by modality and location are shown in Figure 5-
1. There was a significant intensity effect regardless of stimulus modality and location as shown in 
Figure 5-2 (ANOVA p<0.001).  TMH increased as a function of increased stimulus intensity.  At 
200% (2 x) threshold, TMH was significantly higher than all stimulus intensities except for 150% 
(1.5 x) threshold (Tukey HSD, all p<0.05).  TMH without stimulation (0% threshold) was 
significantly lower than any given stimulus intensity (Tukey HSD, all p<0.05). 
There was a significant location effect on TMH independent of stimulus modality (ANOVA 
p<0.001), with higher TMH for central stimulation.  The overall increased TMH was similar between 




Figure 5-1 TMH at baseline (unstimulated condition) and with noxious stimulation 
Note: The gray dashlines indicate the 95% confidence interval of unstimulated TMH.  (Mech: mechanical 
stimulus; Chem: chemical stimulus; C: central; P: peripheral; CI: confidence interval). 
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Figure 5-2 TMH (average of stimulus modalities and locations) versus stimulus intensity 
Note: Vertical bars denote 95% CI.  *Significant differences compared to 0 stimulus intensity (all p<0.05). 
 
5.4.2 Interactions between stimulus intensity, location and modality 
Significant two-way interactions were found between intensity and location, and intensity and 
modality, as demonstrated in Figures 5-3 and 5-4 (ANOVA p=0.001 and p<0.001 for location and 
modality, respectively).  Independent of stimulus modality, intensity at and above the threshold 
resulted in greater TMH for the central stimulation than the periphery (Tukey HSD, all p<0.05).  On 
the other hand, TMH induced by different modalities regardless of location were similar at most of 
the intensity levels except for the highest level (Tukey HSD, p=0.001).  Although the overall three-
way interaction between stimulus intensity, location and modality was not significant (ANOVA, 
p=0.189), post hoc pairwise comparison showed that the significant difference between modalities 
was at the highest suprathreshold level for central stimulation only (Tukey HSD p=0.003), with the 
greatest TMH induced by the maximum intensity of mechanical stimulus (Figure 5-5). 
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Figure 5-3 Interaction of TMH measurement and stimulus intensity regardless of stimulus 
modality at both positions 
Note: Vertical bars denote 95% CI.  * Significant differences compared to corresponding peripheral stimulation (all p<0.05). 
0 0.5 1 1.5 2














Figure 5-4 Interaction of TMH measurement and stimulus intensity regardless of stimulus 
position for both stimulus modalities 
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Figure 5-5 Interaction of TMH measurement and stimulus intensity for both stimulus 
modalities and position 
Note: Vertical bars denote 95% CI.* Significant difference compared to the maximum intensity of chemical stimulation 
(p=0.003). 
 
5.4.3 Effect of stimulus location on tearing thresholds and relation to stimulus 
detection 
Thresholds to mechanical and chemical stimuli and the tearing thresholds at each location in response 
to different modality are presented in Table 5-1.  Generally, thresholds to detect mechanical 
stimulation and detectable tearing were similar across locations and there was no significant 
interaction between threshold and location (ANOVA, both p>0.05).  A significant difference was 
found between detectable tearing and detection threshold to the chemical stimulation; tearing 
thresholds were higher than the detection thresholds (ANOVA p=0.043) and this difference was 
dependent on the stimulus location (ANOVA p=0.011, Figure 5-6).  Post hoc pairwise comparison 
showed that detectable tearing thresholds were higher at the periphery than at the center, and higher 




Table 5-1 Thresholds of detectable tearing and stimulus detection (Mean ± SEM) 
Threshold Mechanical (ml/min) Chemical (%CO2 added) 
 central peripheral central peripheral 
tearing 60.12 ± 11.09 65.25 ± 11.94 30.05 ± 6.61 38.95 ± 6.06 
stimulus detection 54.36 ± 5.34 51.60 ± 6.01 21.84 ± 2.27 20.27 ± 2.29 
 






























Figure 5-6 Detectable tearing and stimulus detection thresholds to chemical stimulation 
Note: Vertical bars denote 95% CI.  * Significant difference compared to the central cornea and # significant difference 
compared to the detection thresholds (all p<0.05) 
5.5 Discussion 
The primary objective of the study was to investigate the relationship between stimulation of corneal 
sensory nerves and the efferent output of the lacrimal functional unit determined by tear secretion. 
Tear secretion increases almost linearly with the increase of stimulus intensity in the present study. 
It has been suggested that the sensory effects and hence the lacrimal functional unit operate 
differently depending on environmental conditions and pathology.5   Without stressful stimulation, 
sensory nerves on the ocular surface provide sub-threshold sensory input to the functional unit 
modulating resting tear flow. When noxious stimuli activate sensory afferents in the functional unit, a 
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series of coordinated reflexes including reflex tearing are triggered in order to protect the eye from 
potential damage.   The present study showed that suprathreshold nociceptive corneal stimuli evoke 
apparently reflex lacrimation, accompanied by the perception of increasing tear flow in the eye, while 
tear secretion following sub-threshold stimuli was the same as unstimulated tear flow (Figure 5-1).  
This physiological evidence supports the hypothesis that two states of neural control mechanism (i.e. 
basal-subconscious and augmented-conscious) are involved in regulating tear secretion, in order to 
protect the ocular surface from injury over a wide range of situations.5 
Stimuli to the cornea are detected and encoded by the sensory receptors or transducers on the 
peripheral terminals of the corneal fibers.  Corneal sensory fibers possess different functional types of 
receptors that are preferentially activated by different types of stimulation.17, 18    The majority of the 
corneal fibres (about 70%) are polymodal nociceptors that are equally activated by near-noxious 
mechanical energy, chemical irritants, heat (above 39 ºC) and noxious cold.17   Most of the polymodal 
nociceptor fibers are unmyelinated C type but some belong to the group of thin myelinated Aδ 
fibres.17   About 15-20% of the corneal fibers are mechano-nociceptors which are fast-conducting, 
thin myelinated Aδ fibres and are activated exclusively by high magnitude mechanical force.17   In the 
present study, mechanical and chemical stimulation generally produced similar effects on reflex tear 
secretion, consistent with the findings of Acosta et al,19 although they used different methods to 
quantify tear volume.  Studies in cat have shown that pneumatic mechanical stimuli to the cornea 
activated mainly the phasic mechano- and polymodal nociceptors, while gas mixtures of increasing 
CO2 primarily excited polymodal nociceptors.25, 26 This similarity between modalities suggests that 
both polymodal and mechano-nociceptors contribute to the afferent pathways of reflex tear secretion.  
The highest suprathreshold mechanical stimulation in our experiment might have activated not only 
the polymodal nociceptors but also the high threshold mechano-nociceptors resulting in neural 
summation thus producing greater tear reflex than the equivalent intensity of chemical stimulation. 
The neural activities encoded by sensory receptors are carried centripetally by trigeminal ganglion 
neurons to higher levels in the central nervous system. The ocular surface is represented mainly in 
two spatially distinct regions of the spinal trigeminal nucleus in the lower brain stem: The trigeminal 
nucleus interpolaris-caudalis (Vi/Vc) transition and subnucleus caudalis-upper cervical spinal cord 
(Vc/C1) junction regions.27-29 Because of this unique dual representation, it has been proposed that 
neurons at Vi/Vc and Vc/C1 transition regions mediate different aspects of corneal nociception and 
their efferent projection to supraspinal areas might also be different.30, 31   The corneal neurons located 
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at the Vi/Vc transition region that project to superior salivatory nucleus (SSN) serve ocular-specific 
functions such as blink and tear reflexes, while those located within the superficial laminae (I-II) of 
Vc/C1 transition that project to posterior thalamic nucleus (PO) may play a prominent role in the 
sensory-discriminative aspects of corneal nociception.32-34  The current study showed that at and 
above threshold, stimulation of the central cornea produced greater reflex tearing compared to the 
equivalent stimulus to the periphery, suggesting that reflex lacrimation responses vary depending on 
the stimulus location.  Given that suprathreshold stimulation may potentially damage the cornea, and 
the ultimate goal of corneal reflexes is to protect the ocular surface and therefore the eye itself, it is 
plausible that the circuitry involved in reflex responses to noxious stimulation of the two locations 
may be different (for example, efferent projection to the SSN versus the PO), as the visual axis is 
situated within the central cornea. 
In addition, it has been reported that a small number of thick, fast-conducting nerve fibers, 
innervate the perilimbal episclera.17   These fibers possibly terminate at the limbal region with 
Krause-like corpuscular endings as described by Lawrenson and Ruskell,16  and respond to gentle 
mechanical stimulation of the ocular surface (they are mechanoreceptors).10   Activation of this type 
of receptor has been reported to be less effective compared to polymodal nociceptors in evoking the 
tearing reflex.19   This may also contribute to the location differences in the study. 
As expected, the intensity required to trigger detectable tearing is generally higher than that to 
detect a noxious stimulus, although for mechanical stimulation the differences between the two 
thresholds did not reach statistical significance.  Additionally, we did not find a strong positional 
effect on thresholds to detect mechanical and chemical stimulation, similar to previous studies.20, 35, 36   
However, for suprathreshold chemical stimulation, the intensity required to induce subjectively 
detectable tearing was higher for the peripheral cornea compared to the center, consistent with the 
difference in amount of tear secretion between the two locations.  It appears that chemical stimulation 
of central and peripheral cornea is similar in terms of mediating corneal sensation at threshold level 
but is different with respect to detecting stimulated tearing.  This suggests that chemosensory 
information from central and peripheral cornea might be processed differently at the spinal trigeminal 
nucleus, depending on sensory-discriminative or tear reflex aspect. 
In conclusion, the current study demonstrates that a systematic increase in tear volume as 
determined by TMH is monotonically related to the intensity of the sensory input from the cornea, in 
a dose-response way.  This provides physiological evidence that sensory innervation of the cornea 
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(thus the ocular surface) is the major neural driving force for lacrimal gland secretion.  Acting 
through areas of the central nervous system, the sensory nerves and efferent parasympathetic and 
sympathetic nerves of the lacrimal functional unit modulate tear secretion in order to ensure a healthy 
ocular surface and protect the eye under normal as well as environmentally challenging conditions 
(such as this experiment). 
The components of the lacrimal functional unit are linked in a homeostatic loop by complex and 
precise sensory, parasympathetic and sympathetic neural control.3   Establishing the relation between 
activation of the sensory nerves from the ocular surface and the graded output of the lacrimal gland 
secretion may help to further understand the neural mechanisms contributing to dry eye development, 
and ultimately to develop effective treatment for ocular surface diseases in which the functioning of 




Ocular surface sensitivity in dry eye 
Chapter 6 described the results of an investigation examining signs and symptoms in a group of 100 
non-contact lens-wearing participants who presented with and without symptoms of ocular dryness 
and discomfort (dry eye vs. non-dry eye group).  Part one was focused on corneal and conjuncitval 
sensitivity measured using a computerized Belmonte esthesiometer and its relationship with ocular 
surface tests and symptom severity in subjects with and without symptoms of ocular dryness.  In part 
two the effects of symptoms of dryness, age and gender on corneal and conjunctival sensitivity to 
pneumatic cool stimuli were investigated. 
Chapter 6 was published as follows: 
Conjunctival and Corneal Pneumatic Sensitivity Is Associated with Signs and Symptoms of 
Ocular Dryness 
Ping Situ, Trefford L. Simpson, Desmond Fonn, and Lyndon W. Jones 
Investigative Ophthalmology & Visual Science Vol. 49, No.7, 2008 (p.2971-2976) ©ARVO- reprinted 
with permission 
  
Conjunctival and Corneal Hyperesthesia in Subjects with Dryness Symptoms 
Ping Situ, Trefford L. Simpson, Lyndon W. Jones, and Desmond Fonn 
Centre for Contact Lens Research, School of Optometry, University of Waterloo, Canada 
Optometry and Vision Science Vol. 85, No.9, 2008 (p.867-872)- reprinted with permission from 
Wolters Kluwer Health. 
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6.1 Part one 
6.1.1 Overview 
Purpose:  To investigate the relationships between dry eye symptoms, corneal and conjunctival 
sensitivity to pneumatic stimulation, tear film stability and clinical ocular surface characteristics in 
symptomatic and asymptomatic subjects. 
Methods:  97 subjects were enrolled and grouped by a questionnaire based single score for 
symptom of ocular dryness (none to trace= ‘non-dry’, mild to severe= ‘symptomatic’); 43 were 
symptomatic and 54 were non-dry. Corneal (K) and conjunctival (C) sensitivity were measured using 
a computer controlled Belmonte pneumatic (room temperature) stimulus.  Symptoms were assessed 
using Ocular Surface Disease Index (OSDI).  Ocular surface staining with fluorescein (FL) and 
Lissamine Green (LG), non-invasive tear film break-up time (NIBUT), and the Phenol Red Thread 
test (PRT) were assessed. 
Results:  The symptomatic group showed lower K and C thresholds (p<0.01), greater corneal FL 
staining and conjunctival LG staining, and shorter NIBUT than the non-dry eye group (all others 
p<0.05).  OSDI scores were higher in the symptomatic group (p<0.001).  K and C thresholds, NIBUT 
were inversely correlated with OSDI scores and corneal and conjunctival staining (all p<0.05).  K and 
C threshold and NIBUT (all p<0.01) were positively correlated.  Stepwise multiple regression 
analysis showed that ocular surface sensitivity and NIBUT were significant predictors of OSDI 
scores. 
Conclusion:  Ocular irritation assessed using OSDI is associated with ocular surface hyperesthesia 
to cooling, corneal epitheliopathy and tear film instability.  Although cause and effect are unclear, our 
analysis shows that altered corneal and conjunctival sensory processing and tear film attributes are 
essential aspects of what characterizes dry eye. 
6.1.2 Introduction 
Dry eye is characterized as an abnormality of the tears and ocular surface with a multi-factorial 
etiology, resulting in tear film instability, symptoms of discomfort and visual disturbance, and 
inflammation and potential damage to the ocular surface.1   It is hypothesized that the ocular surface 
(including the cornea, conjunctiva, accessory lacrimal glands and meibomian glands), the main 
lacrimal glands and the afferent and efferent innervation that connects them comprise the lacrimal 
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functional unit.1-3   This integrated functional unit regulates the major composition of the tear film4, 5  
and responds to environmental, endocrine and central neural influences.2, 3, 6, 7   Dysfunction in any 
part of the functional unit potentiates alterations of the other components, thus compromising the 
ability of the ocular surface to respond to physiological and environmental challenges with one 
possible outcome being the development of symptoms associated with dry eye (provided this is not 
the precipitating factor).2, 3, 6-8 
The presence of symptoms might be accounted for by the activation of sensory nerves at the ocular 
surface.9, 10   Although the basis for symptoms in dry eye is not fully understood, a recent speculation 
has been that the dryness sensations following refractive surgery might be due to denervation-induced 
dysesthesia.11   Measuring ocular surface sensitivity is one technique to evaluate the sensory nerve 
function and a few studies have measured corneal sensitivity in certain groups of dry eye patients.12-16   
However, studies evaluating corneal sensitivity and clinical tests such as ocular surface staining, tear 
film stability and symptoms of ocular irritation have found conflicting results.  In addition, there is no 
report of whether conjunctival sensitivity is associated with the symptoms, or indeed to the clinical 
ocular and tear film tests commonly undertaken. 
In the present study, we therefore measured corneal and conjunctival sensitivity using a computer-
controlled modified Belmonte esthesiometer and investigated its relationship with ocular surface tests 
and symptom severity in subjects with and without ocular dryness symptoms. 
6.1.3 Methods and Materials 
This study was conducted in accord with the guidelines of Declaration of Helsinki and received 
clearance from the University of Waterloo, Office of Research Ethics (Waterloo, Ontario, Canada).  
Informed Consent was obtained from each subject. 
A total of one hundred non-contact lens wearing subjects were enrolled. Of these, three subjects 
were excluded: Two were found to have corneal striae of unknown cause and one reported symptoms 
of dryness that were present only in the middle of the night.  Each subject had no history of systemic 
or ocular disease and was not using any systemic or topical medication that would affect ocular 
health.  Slit-lamp examination was initially performed to rule out lid, conjunctival or corneal 
abnormalities other than the clinical signs of dry eye.  A questionnaire based single score for 
symptoms of ocular dryness (Simmons PA, et al. IOVS 2003;44: ARVO E-Abstract 2448), as 
described in Table 6-1, was used to classify “non-dry” (scores of “none” to “trace”) and 
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“symptomatic” (scores of “mild to severe”) groups.   This was administered by a trained ophthalmic 
assistant at study entry. 
Table 6-1 Questionnaire based single score for symptoms of ocular dryness 
Scores  None (0) Trace (1) Mild (2) Moderate (3) Severe (4) 
Q1: Frequency 
of symptom 
never seldom sometimes frequent always 
Q2: Presence 
of discomfort 
no no yes yes yes 
Q3:Interference 
with activity 
no no no sometimes usually 
 
6.1.3.1 Symptom evaluation: 
Subjects completed the Ocular Surface Disease Index© (OSDI) questionnaire, that consists of 12 
items including questions related to visual function, ocular symptoms and environmental triggers.17   
The item scores were calculated according to the formula recommended by Schiffman et al.17 
6.1.3.2 Clinical assessment: 
Non-Invasive Tear Film Break-Up Time (NIBUT) was measured using an ALCON Eyemap® model 
EH-290 topography system (ALCON, Inc., Forth Worth, Texas, USA). A series of concentric Placido 
rings were projected onto the tear film and the amount of time before the first distortion of the tear 
film after a blink was recorded.  The measurement was repeated three times and averaged.  Tear 
volume was measured using the Phenol Red Thread (PRT) test (ZONE-QUICK, Showa Yakuhin 
Kako Co., Ltd. Tokyo, Japan) in a manner following manufacturer’s recommendation. 
Corneal flurorescein (KFL) and conjunctival lissamine green (CLG) staining were assessed with a 
biomicroscope using a cobalt blue excitation source with a yellow Wratten 12 filter and white light 
with Hoya 25A filter respectively. The intensity of staining was graded following the Oxford 
scheme.18 
6.1.3.3 Sensitivity measurement: 
Corneal and conjunctival sensitivity was estimated using a computer-controlled Belmonte pneumatic 
esthesiometer that has been described in detail elsewhere.19, 20  Custom software was used to control 
stimulus duration and intensity and record subject responses from a button box. 
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Measurements of corneal and conjunctival sensitivity were performed on the right eye only, at least 
four hours after subjects awoke.21   A training session was conducted using the central cornea of the 
left eye prior to the actual measurements being obtained.  Subjects were instructed to view fixation 
targets at 3 meters and the tip of the esthesiometer was set 5 mm from the corneal and conjunctival 
surface and monitored using a calibrated video camera.  The esthesiometer was rotated to ensure the 
stimulus was delivered perpendicularly to the surface. 
The stimuli, consisting of a series of air pulses at room temperature (20°C), with air flow varying 
from 0 to 200 ml/min, were delivered to the central cornea and temporal conjunctiva (approximately 
5 mm from the limbus).  This stimulus is mechanical with an easily detectable non-noxious cooling 
effect.22-27  The stimulus duration was one second, with a 15-second interval between the subject’s 
response and the next stimulus.  Two seconds prior to each stimulus, a short, computer-generated tone 
reminded the subject to blink and view the fixation target.  The subjects were informed that they were 
to blink freely and also to close their eyes or look down between stimuli.  Subjects could also 
interrupt the trials if necessary.  Using the ascending method of limits,28  corneal and conjunctival 
thresholds were determined by the average flow rate of three first reports of the stimulus presence. 
A single observer (the first author) who was masked to the results of the subject’s grouping, 
conducted the clinical and ocular surface sensitivity tests.  Tests were performed in the following 
order: NIBUT, PRT, corneal and conjunctival staining evaluation, and esthesiometer measurements. 
6.1.3.4 Data analyses: 
Statistical analyses were performed using SAS 9.1 (SAS Institute Inc., Cary, NC, USA) and p<0.05 
was considered to be statistically significant.  Because of the characteristics of the data, corneal and 
conjunctival thresholds, and NIBUT were transformed by converting to the natural log in order to 
achieve normality of the data distributions.  Unpaired t-tests were used to compare differences 
between the symptomatic and non-dry groups.  For corneal and conjunctival staining, Mann-Whitney 
U tests were used for the comparison between groups.  Pearson correlations were performed among 
transformed variables.  Multiple-linear regression with stepwise selection was applied to assess the 
relationship between OSDI scores and measurements of ocular sensitivity and other clinical signs.  To 
eliminate potentially harmful multicollinearity,29  for highly correlated predictor variables, only one 
was included in model selection.  In addition, response variable OSDI scores were transformed by 
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taking the natural log to satisfy the model assumption that variance of the residuals should be 
approximately constant. 
6.1.4 Results 
The demographic data of the two groups are reported in Table 6-2. The frequencies of each category 
classified by the symptom are presented in Figure 6-1.   Scatterplots of individual corneal and 
conjunctival threshold versus age are shown in Figures 6-2A and 6-2B for symptomatic and non-dry 
group, respectively.  Corneal and conjunctival thresholds for detection of pneumatic cool stimuli, 
NIBUT, PRT, corneal and conjunctival staining score, and OSDI scores for symptomatic and non-dry 
subjects are shown in Figures 6-3 to 6-6.  The differences in all the variables except for PRT were 
significant between the two groups (all p<0.05). 
Table 6-2 Demographic data of the two groups 
 Non-dry Dry eye symptomatic 
Number of subjects 54 43 
Age (range) 41 ± 18 (19 - 79) 49 ± 16 (19 - 80) 
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Figure 6-2 Scatterplots of corneal and conjunctival threshold vs. age for symptomatic (A, left) 



























Figure 6-3 Box plots of corneal and conjunctival thresholds to pneumatic cool stimuli in dry eye 
symptomatic and non-dry group 
Note: Values were mean ± 95% Confidence Interval.  Both LN corneal and LN conjunctival thresholds (natural log 





























Figure 6-4 Box plots of NIBUT and PRT in dry eye symptomatic and non-dry group 
Note: Values were mean ± 95% Confidence Interval.  LN NIBUT in dry eye symptomatic group was significantly shorter 



























Figure 6-5 Grading scores of corneal flurorescein (KFL) and conjunctival lissamine green 
(CLG) in dry eye symptomatic and non-dry group 
Note: Values were median and the 90 and 10 percentiles.   Higher staining scores were found in dry eye symptomatic group 
























Figure 6-6 Box plots of OSDI score (total score= item) and the break down of each sub-score 
(visual function=vision, ocular symptoms= eye symptom, environmental triggers=environment) 
Note: Values were mean ± 95% Confidence Interval.  The differences in all LN disability scores between the dry eye 
symptomatic and non-dry group were significant (all p<0.001). 
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The correlations between corneal and conjunctival thresholds, clinical tests and symptom severity 
assessed by OSDI scores are presented in Table 6-3.  Corneal and conjunctival thresholds to 
pneumatic cool stimuli were inversely correlated with staining and OSDI scores but positively 
correlated with NIBUT (all p<0.05).  Inverse correlations were also found between NIBUT, staining 
and OSDI scores (all p<0.05). 
Table 6-3 Correlations between thresholds, clinical tests and symptoms 




K threshold ------       
C threshold 0.78 -----      
NIBUT 0.31 0.40 -----     
PRT NS NS 0.32 -----    
OSDI score -0.22 -0.40 -0.39 NS -----   
K FL 
staining 
-0.41 -0.29 -0.47 NS 0.31 -----  
C LG 
staining 
-0.30 -0.27 -0.45 -0.28 NS 0.55 ----- 
Note: all p<0.05 
 
The multiple regression model with OSDI as the outcome variable was statistically significant 
(p<0.0001). Conjunctival threshold, NIBUT and PRT accounted for 24% of the variation in OSDI 
score.  With the other variables held constant, the item score was negatively related to conjunctival 
threshold and NIBUT and positively related to PRT.  The effects of conjunctival threshold and 
NIBUT were significant (both p<0.01) in the stepwise regression analysis. 
6.1.5 Discussion 
Dysfunction of the ocular surface integrated functional unit may be manifest as dry eye with common 
features of symptoms of ocular discomfort, tear hyperosmolarity, interpalpebral ocular staining, 
reduced tear production and/or tear instability.30   In the current study, the dry eye symptomatic group 
had corneal and conjunctival hypersensitivity (lower threshold), a shorter tear film break-up time, 
greater degree of ocular surface staining and a higher OSDI score than the non-dry eye subjects, 
suggesting alterations in various aspects of the lacrimal functional unit. In addition, ocular surface 
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hypersensitivity, tear film instability, epitheliopathy and symptoms of ocular discomfort were 
significantly correlated. 
Neural control is one of the important aspects of the functional unit and links the components of the 
unit into a homeostatic loop with the primary function of protecting and maintaining the health of  the 
ocular surface.6    The sensory nerves of the ocular surface together with efferent sympathetic and 
parasympathetic innervation control the secretory activity of the lacrimal and meibomian glands and 
the conjunctival goblet cells.5, 31, 32 
A few studies have evaluated the functioning of corneal sensory nerves by measuring corneal 
sensitivity in dry eye patients.12-16  However, the part played by ocular surface sensitivity in relation 
to the natural history of different forms of dry eye is not fully understood. Tear film break-up in the 
interblink interval due to its instability could give rise to local drying and hyperosmolarity in the 
exposed surface, and to ocular surface damage and a disturbance of glycocalyx and goblet cells.1   It 
has been postulated that ocular surface damage could produce reflex stimulation of the lacrimal 
glands in the initial stage of dry eye, in order to compensate for the tear film hyperosomolarity which 
arises as a result of excessive evaporation or/and insufficient aqueous tear flow.1   Stimulation of the 
lacrimal functional unit in the absence of a protective tear film could result in neurogenic 
inflammation further damaging the ocular surface.3   The present study revealed ocular surface 
hypersensitivity in the dry eye symptomatic group, indicating an alteration of the sensory nerve 
function. The altered sensory input was related to an index of tear film instability and epitheliopathy 
of the ocular surface, each part of a vicious circle of interacting mechanisms; the worse the quality of 
the tear film and the greater the degree of the epithelial staining, the higher the sensitivity (perhaps 
due to sensitization of sensory fibers). 
The presence of symptoms of discomfort suggests nociception at the ocular surface evoked by the 
activation of sensory nerves.10   It has been reported that the activities of corneal sensory fibers could 
be modified by injury and inflammation of the ocular surface.9   Sensitization of corneal polymodal 
nociceptors, a decrease in threshold to one or more stimulus modalities and/or increased 
responsiveness and spontaneous activity to suprathreshold stimulation, can be induced by certain 
inflammatory  mediators.9, 33, 34   Interleukin 1 (IL-1), a pro-inflammatory cytokine found in the tears 
and conjunctiva (using impression cytology) in keratoconjunctivitis sicca (KCS) patients 35  has been 
reported to induce hyperesthesia.36   The effect of sensitization increases the probability that a given 
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stimulus will activate the target receptor, i.e., sensitized nociceptors can be triggered by stimulation 
that would be insufficient to activate intact nerve endings under normal conditions. 
On the other hand, the peptides and neurotransmitters, such as substance P and calcitonin-gene-
related peptide released by activated nociceptors from peripheral nerve terminals, are able to facilitate 
production of the “inflammatory soup”.9, 37  Thus, it is also possible that the sensory changes 
themselves are the initiating factor and the resulting alterations in the tear film and surface follow due 
to neurogenic inflammation.10 
In the current study, we found that ocular surface sensitivity and the index of the tear film stability 
were significant predictors for the severity of the symptoms. It may be possible that increased sensory 
input from sensitized receptors, resulting from inflammatory mediators and related to the 
aforementioned interacting mechanisms between tear film instability and disruption of the ocular 
surface, account for the symptoms in these subjects. 
In addition to the activation of nociceptors at the ocular surface, the abnormal dryness sensation in 
dry eye may relate to altered sensation (dysesthesia).   During sensory processing, the voltage-gated 
ion channels expressed by nociceptors contribute to the propagation of the signals detected by 
primary afferents.38   The changes in expression of voltage-gated sodium channels play a key role in 
the pathogenesis of neuropathic pain39, 40  such as dysesthesias,41  and in the pain and hypersensitivity 
associated with tissue inflammation.40   A recent study showed sensitized cold sensory receptors (non-
nociceptors) in surgically lesioned guinea-pig corneas and the abnormal activities of sensitized cold 
receptors were attenuated by application of Lidocaine, suggesting that the cause of enhanced nerve 
ending activity of a cold receptor is due to increased expression of sodium channels (Belmonte C, et 
al. IOVS 2007;48: ARVO E-Abstract 3470).   Evidence also suggests that, to a certain extent, the 
phenomena found in both inflammatory and neuropathic pain may share common physiologic 
mechanisms, including contributions from sodium channels.40   Altered expression of ion channels, 
leads to an enhanced excitability of the membrane in primary sensory neurons and gives rise to 
abnormal neuronal activities and altered responsiveness to stimuli. 
In the present study, the stimuli used to measure sensitivity consist of thermally cooling 23, 27  and 
mechanical 26  components and usually produce a non-noxious “cooling sensation” at threshold.22  
The enhanced sensitivity to this “non-noxious” stimulation in the symptomatic group suggests that 
altered sensation, possible due to increased expression of ion channels, may play a role in the 
symptoms of dry eye and contribute to the greater disability to environmental triggers such as air 
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conditioning, windy and low humidity reported by the dry eye symptomatic group.  Pharmacological 
block of these ion channels may have therapeutic potential to be a complement treatment for dry eye. 
The reports in the literature on corneal sensitivity to pneumatic mechanical stimuli in dry eye 
patients are contradictory.12-14    Hyperesthesia has been found in dry eye patients and post-LASIK 
patients with dry eye and this was positively correlated to corneal epithelial barrier function.14   
Others reported hypoesthesia in dry eye patients and suggested that the decreased corneal sensitivity 
in dry eye was due to the damage of sensory innervation.12, 13, 42   We also found corneal and 
conjunctival hypersensitivity in dry eye symptomatic subjects, supporting the findings reported by de 
Paiva and Pflugfelder.14   The reconciliation of these apparently discrepant results remains to be 
elucidated. If, as discussed earlier, corneal and conjunctival sensitivity represent the functioning of 
the sensory nerves of the ocular surface, hypersensitivity (sensitization of the sensory nerves) and 
hyposensitivity (damage of the sensory nerves) may not be contradictory, but rather, may be 
indicators of different states of compensation during the continuum of the condition (including a 
failure to compensate) in the integrated functional unit. 
In our study, tear volume measured using PRT was not different between the dry eye symptomatic 
and non-dry eye group.  In addition, most of the subjects in the dry eye symptomatic group fell into 
the categories of “mild” and “moderate”.   Also, some symptomatic subjects in the sample had none 
of the signs of dry eye assessed in this experiment.  It is plausible that increased sensory input from 
the ocular surface may have produced an augmented tear secretion in these patients, in order to 
compensate for tear hyperosmolarity resulting from a compromised functional unit (regardless of the 
etiology).  This augmented secretion could be a possible factor contributing to the weak correlation 
between corneal and conjunctival sensitivity and staining. This correlation might be expected to be 
higher in a sample that included more subjects with severe disease who are unable to adapt to the 
disrupted ocular surface functional unit. 
Many studies have reported that the associations between symptoms and clinical dry eye tests were 
sometimes statistically significant, but typically not strongly so.13, 14, 16, 43-45   In the present study, we 
developed a model that included sensitivity, NIBUT and PRT to predict the severity of ocular 
discomfort measured by OSDI score accounted for about one fourth of the variance.  This may reflect 
the diverse etiologies and interacting mechanisms related to dry eye development giving rise of a 
disease with a complex profile. 
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In conclusion, the symptoms of ocular irritation consistent with dry eye disease assessed using 
OSDI appeared to be associated with ocular surface (particularly conjunctival) hyperesthesia to 
cooling stimulation, corneal epitheliopathy and tear film instability.  The interacting mechanisms of 
disruption of the barrier function, tear film instability, and altered sensory processing associate to 
neurogenic inflammation within the lacrimal functional unit may lead to or be influenced by the dry 
eye symptoms.  Additionally, changes in expression and function of ion channels isoforms in the 
peripheral and probably the central nervous system may play a role in the abnormal dryness sensation 




6.2 Part two 
6.2.1 Overview 
Purpose: To compare conjunctival and corneal sensitivity in non-contact lens wearing subjects with 
and without symptoms of ocular dryness, stratified by age and gender. 
Methods: 97 subjects were enrolled, 54 of whom were asymptomatic and 43 of whom were 
symptomatic of ocular dryness.  A single score for the symptom of dryness was used to classify non-
dry eye (scores of none to trace) and dry eye symptomatic (scores of mild to severe) groups.  The 
subjects were further stratified into “younger” (19-49 years) and “older” age groups (50-80 years).  
Conjunctival and corneal sensitivity of the right eye was measured at the central cornea and temporal 
conjunctiva, using a computer-controlled pneumatic esthesiometer with stimulus temperature set at 
20ºC.  The ascending method of limits was used to determine the thresholds. 
Results: Conjunctival and corneal thresholds were significantly lower in the dry eye symptomatic 
than in the non-dry eye group (both p<0.01).  The conjunctival threshold was lower than the corneal 
threshold in the dry eye symptomatic group (p<0.01) but not in the non-dry eye group (p>0.05).  
Conjunctival threshold in the non-dry eye females was lower than the males (p<0.05).  No difference 
between age groups was found for conjunctival and corneal thresholds in this study (all p>0.05). 
Conclusions: Conjunctival and corneal sensitivity to pneumatic cool stimulation is increased in 
subjects with symptoms of ocular dryness.  This hyperesthesia seems to be more significant in the 
conjunctiva. 
6.2.2 Introduction 
Dry eye is a common condition and refers to a variety of characteristics with multi-factorial 
aetiologies which affect the tear film and/or ocular surface.1 The prevalence of dry eye increases with 
aging and among women.2-4 It has been hypothesized that the ocular surface (including the cornea, 
conjunctiva, and meibomian glands), the lacrimal glands (both main and accessory lacrimal glands) 
and the afferent and efferent innervation act as a functional unit.5-9 Alterations in any portion of this 
functional unit is hypothesized to affect the quantity and composition of the tear film and impair the 
integrity of the ocular surface,10,11 thus compromising the ability of the ocular surface to respond to 
environmental changes and perhaps leading to symptoms of dry eye.1,5,8 
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The sensory axons terminate as free nerve endings in the epithelium of the cornea and 
conjunctiva,12 although special types of terminals have been identified in the limbal conjunctiva.13 
Electrophysiological studies of rabbit and cat corneas have revealed different functional types of 
receptors that are activated by specific types of stimuli. For example, mechanical stimuli activate both 
mechano-nociceptors and polymodal nociceptors, while chemical and thermal stimuli activate 
polymodal nociceptors. Cold-sensitive receptors signal downward temperature variation of the ocular 
surface in the non-noxious range.14-18 The activities of corneal sensory fibres can also be modified as 
a result of injury and inflammation of the ocular surface.15 Functioning of corneal and conjunctival 
nerves can be evaluated by measuring ocular surface sensitivity. The Cochet-Bonnet esthesiometer 
has been the most commonly used instrument to measure corneal sensitivity. The recent development 
of pneumatic esthesiometers19-21 has allowed measurements of corneal and conjunctival sensitivity 
over a wider range of stimulus type, namely mechanical, chemical and thermal. 
Very little empirical work has been done investigating ocular sensitivity in dry eye patients.22-27 
The details of neuronal processing in the lacrimal gland - ocular surface feedback loop remain largely 
unknown. Moreover, there are no reports of conjunctival sensitivity in symptomatic patients. In this 
study, we compared conjunctival and corneal sensitivity to pneumatic stimuli at room temperature in 
subjects with and without symptoms of ocular dryness. The second purpose of the study was to 
investigate the effect of two predictor variables, age and gender, on conjunctival and corneal 
sensitivity measured using a modified Belmonte esthesiometer. 
6.2.3 Methods and Materials 
This study was conducted in accord with the guidelines of Declaration of Helsinki and received 
clearance from the University of Waterloo, Office of Research Ethics (Waterloo, Ontario, Canada). 
Informed Consent was obtained from each subject. 
Subjects were recruited from the local community.  Ninety-seven non-contact lens wearing subjects 
who had no history of systemic and ocular diseases and/or were not using any systemic or topical 
medication that would affect ocular health were enrolled in the study. Slit-lamp examination was 
conducted to rule out clinically significant lid, conjunctival or corneal abnormalities. Fluorescein and 
Lissamine green staining were evaluated following clinical standard procedures.28 Tear volume 
(phenol red thread test) (Zone-Quick, Showa yakuhin Kako Co.,LTD, Tokyo Japan) was measured 
according to manufacturer’s recommendation and tear stability (non-invasive tear break up time) was 
assessed using a modified Alcon EyeMap topographic system (Alcon Laboratories, Fort Worth, TX). 
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A questionnaire-based single score for symptom of ocular dryness,29 as described in Table 6-4, was 
used to classify non-dry eye (scores of none to trace) and dry eye symptomatic (scores of mild to 
severe) groups. Subjects’ grouping and demographic data are listed in Table 6-5. 
Table 6-4 Definition of single score for symptoms of dryness and subjects grouping criteria 
Questions           Non-dry eye Dry eye symptomatic 
Q1: Frequency 
of symptom 






no no   sometimes usually 














Table 6-5 Subjects’ demographic distribution 
  Non-dry eye Dry eye symptomatic 
Sub-group younger older younger older 
Number of subjects 33 21 24 19 
Age (mean±SD ,range) 29 ± 8 
(19-49) 
61 ± 8 
(50-79) 
38 ± 10 
(19-49) 
63 ± 10 
(52-80) 
Gender (female/male) 17/16 14/7 18/6 17/2 
 
Corneal and conjunctival sensitivity was estimated using a computer-controlled pneumatic 
Belmonte esthesiometer 19 that has been described in detail elsewhere.30 A video camera continuously 
monitored the distance between and orthogonal alignment of the tip of the esthesiometer and the 
ocular surface. Custom software was used to select stimulus duration and record subject responses 
from a button box. 
Measurements of corneal and conjunctival sensitivity were performed on the right eye only, at least 
four hours after subjects awoke.31 A training session was conducted using the central cornea of the 
left eye prior to the actual measurements. Subjects were instructed to view fixation targets at 3 meters 
and the tip of the esthesiometer was set 5 mm from the corneal and conjunctival surface using the 
 
 87 
video camera. The tip of the esthesiometer was rotated to ensure the stimulus was delivered 
perpendicularly to the surface. 
The stimuli, consisting of a series of air pulses at room temperature (20°C, a mechanical stimulus 
with a cooling effect18,21,32-34) with air flow varying from 0 to 200 ml/min, were delivered to the 
central cornea and temporal conjunctiva (approximately 5 mm from the limbus). The stimulus 
duration was one second, with a 15-second interval between the subject’s response and the next 
stimulus. Two seconds prior to each stimulus, a short, computer-generated tone reminded the subject 
to blink and view the fixation target. The subjects were informed that they were to blink freely and 
also to close their eyes or look down between stimuli. Subjects could also interrupt the trials if 
necessary. Using the ascending method of limits35 with a randomly selected initial level of stimulus 
and a step of increment in flow rate of 5 ml/min, corneal and conjunctival thresholds were determined 
by the average flow rate of three first reports of the stimulus presence. 
Statistical analyses were performed using Statistica 7.0 (StatSoft Inc. Tulsa, OK USA) and p<0.05 
was considered to be statistically significant. Because of the characteristics of the data, Mann-
Whitney U tests were used to compare the corneal and conjunctival thresholds between symptom, 
gender and age groups. Wilcoxon Matched Pair tests were used to compare the differences in 
thresholds between cornea and conjunctiva. Spearman Rank correlation was used to examine the 
association between corneal and conjunctival threshold. 
6.2.4 Results 
Conjunctival and corneal thresholds for detection of pneumatic stimuli at room temperature are 
presented in Figure 6-7. Both conjunctival and corneal thresholds were lower in the dry eye 
symptomatic group than in the non-dry eye subjects. The differences between the two groups were 
significant (p<0.001 and p<0.01 for conjunctival and corneal threshold, respectively). Conjunctival 
thresholds were significantly different to corneal thresholds in the dry eye symptomatic group 
(p<0.01) but they were not significantly different from the non-dry eye group (p>0.05). In addition, 
conjunctival and corneal thresholds were correlated significantly in both groups (Rho=0.77, p<0.001). 
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Figure 6-7 Box plot of the medians for corneal and conjuncitval thresholds in the dry and non-
dry groups 
Note: Values were: medians, box: 10%-90%; Whisker: non-outlier range. 
 
The medians for corneal and conjuncitval thresholds in the dry and non-dry groups, characterized 
by gender are shown in Figure 6-8.  The gender difference in conjunctival threshold was significant in 
the non-dry eye group (p=0.02) but not in the dry eye symptomatic group (p=0.06). Corneal 
thresholds were similar in females and males in both symptomatic and asymptomatic subjects (p>0.05 
for both dry eye symptomatic and non-dry eye group), though thresholds were generally lower in 
females than males. 
There were no significant differences in conjunctival and corneal thresholds between the younger 
and older group (p>0.05 for both cornea and conjunctiva). This pattern remained the same when the 
age groups were further stratified by symptom, as shown in Figure 6-9 (all p>0.05). 
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Figure 6-8 Box plot of the medians for corneal and conjuncitval thresholds in the dry and non-
dry groups, subdivide by gender 
Note: Values were: medians, box: 10%-90%; Whisker: non-outlier range. 
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Figure 6-9 Box plot of the medians for corneal and conjunctival thresholds in the dry and non-
dry groups, subdivide by age 





This study investigated conjunctival and corneal sensitivity to pneumatic stimuli at room temperature 
in subjects with and without symptoms of ocular dryness. The corneal thresholds obtained in this 
study were similar to those found in previously published studies using the same type of stimuli.32,36 
Conjunctival thresholds in the present study were slightly lower than the threshold of the inferior 
conjunctiva reported by Stapleton and colleagues.36 This could be due to a number of differences in 
the methods, including the ocular site where measurements were made in the two studies. 
Neuronal regulation is hypothesized to be one of the important mechanisms contributing to the 
pathophysiology of dry eye.10 The components of the lacrimal functional unit are linked by the 
sensory, sympathetic, and parasympathetic nerves to a homeostatic loop.5 The neuronal pathways in 
the lacrimal functional unit interact through reflex mechanisms and play complex excitatory or 
inhibitory roles in regulating the production and function of the mucin and aqueous components of 
the tears and perhaps also the lipid phase in the tear film.5,6,37,38 These nerves are also involved in 
maintaining the health of the ocular surface.39,40 Previous studies investigated the relationship 
between corneal sensitivity and tear secretion measured with the Cochet-Bonnet esthesiometer 26,27 
and demonstrated that some dry eye patients had decreased corneal tactile sensitivity. Reduced 
afferent stimulation resulting from decreased corneal sensitivity has been hypothesized to account for 
the reduction in tear production in dry eye patients.7 Recently, a study reported hyperesthesia to 
pneumatic mechanical stimulation in dry eye patients as well as post-LASIK patients with symptoms 
of dryness (measured using a Belmonte pneumatic esthesiometer),25 whereas another studies showed 
hypoesthesia in dry eye patients.23,24 In the present study, we found that both conjunctival and corneal 
sensitivity to pneumatic stimulation at room temperature was higher in the symptomatic subjects, 
which is consistent with the findings of de Paiva and Pflugfelder. 25 This points to altered sensory 
processing and disruption of the homeostatic neural control mechanism in the dry eye symptomatic 
subjects. 
It has been reported that the activities of corneal sensory fibres could be modified by injury and 
inflammation of the ocular surface.15 Sensitization, the decrease in threshold and enhanced 
responsiveness and spontaneous activity caused by repeated noxious stimuli, is a feature of 
polymodal nociceptors, including corneal polymodal neurons. Sensitized nociceptors can be triggered 
by local inflammatory mediators and mechanical stimulation that would have been insufficient to 
activate intact nerve endings under normal conditions. Endogenous inflammatory mediators from 
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cells related to tissue injury and inflammation are believed to contribute to sensitization.15 These 
mediators alter the permeability of the ion channels of the receptors, as well as trigger a variety of 
second and third messenger pathways and ultimately affect the membrane potential and the 
excitability of the nociceptors.15 Certain inflammatory mediators such as prostaglandin E2 and 
bradykinin have been reported41 to induce sensitization of corneal polymodal nociceptors. Interleukin 
1 (IL-1), a pro-inflammatory cytokine found in the tears and conjunctiva (using impression cytology) 
in KCS patients42 has been reported to induce hyperesthesia.43 Since inflammation has been 
hypothesized to be a common pathway for dryness related ocular surface diseases,8-10 the 
inflammatory mediators may contribute to the altered activity of sensory receptors and result in the 
hyperesthesia in symptomatic patients we found in this experiment. 
The conjunctiva is not only supplied by free nerve endings, as in the cornea, but also is a highly 
reactive tissue, richly supplied by blood vessels, connected to the lymphatic system, and filled with 
immunocompetent cells.44 Conjunctival epithelial stratified squamous cells secrete electrolytes and 
water into the aqueous layer and also absorb them from the tear film, thereby modifying it.37 
Conjunctival epithelial goblet cells secrete mucin into the mucous layer and these cells have specific 
innervation.37,45 Sensory nerves also serve as afferent input for the neural regulation of, and 
interaction with, the parasympathetic and sympathetic nervous systems in the conjunctiva. In the 
present study, conjunctival sensitivity to pneumatic stimuli at room temperature was significantly 
greater than corneal sensitivity in the symptomatic patients. It is therefore likely that the sensory 
processing of the conjunctiva is more impaired in symptomatic subjects. Considering that the 
conjunctiva is directly involved in the regulation of aqueous and mucin phases of the tear film and has 
a large area covering the ocular surface, this conjunctival hypersensitivity may have important 
clinical implication in dry eye diseases. In addition, we also found that conjunctival sensitivity was 
positively correlated with corneal sensitivity; on this basis we propose that the previously often 
overlooked conjunctiva also plays an important sensory role in the functional unit. Perhaps corneal 
and conjunctival hyperesthesia may also account for the reported symptoms of ocular irritation being 
aggravated by environmental challenges such as smoke, low humidity, and air conditioning in dry eye 
patients.46,47 
The prevalence of dry eye seems to increase with age and to be greater among women.2-4 It is 
unknown whether age and gender would be confounding factors contributing to the difference in 
sensitivity found in the symptomatic and asymptomatic groups. Decreased corneal sensitivity to 
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tactile stimuli has been reported in people over 50-60 years of age and the development of arcus 
senilis was suggested to partly account for this decline with age.48,49 Recently, a study found that 
corneal sensitivity decreased in the older age group (age ≥60 years) when comparing to the younger 
group (age <60 years) and suggested the reduction of sensitivity was due to the decreased subbasal 
nerves density.23 Bourcier et al. found that corneal sensitivity (measured with a Belmonte pneumatic 
esthesiometer) to thermal stimulation (heat and cold) did not correlate with age.24 In our study, the 
stimuli produced a mainly thermal (cooling) effect.15;26 We also found that corneal sensitivity was 
similar in subjects below and above 50 years of age, which is consistent with findings reported by 
Bourcier et al.24 However, females and males in the non-dry eye group had different levels of 
conjunctival sensitivity. The reason for this gender-based variation in conjunctival sensitivity remains 
to be elucidated. We failed to find a difference between genders in the dry eye symptomatic group 
and this could be partly due to insufficient statistical power, as only a small proportion of participants 
in this group were male. 
The findings in the current study using a pneumatic esthesiometer conflict with previous reports of 
decreased corneal sensitivity to tactile stimulation with the Cochet-Bonnet esthesiometer in dry eye 
patients.22,26,27 The stimulus used in our study produced a pneumatic cooling effect. This is not the 
same as a noxious tactile stimulus, and these different stimuli are processed by different ocular 
surface sensory channels.32 On the other hand, limited or no differences in corneal and conjunctival 
sensitivity to thermally cooling stimuli using pneumatic esthesiometer have been reported 
previously,21,50,51 which is also observed in the non-dry eye group in the present study. Therefore, our 
findings provide additional support for the hypothesis that Cochet-Bonnet and pneumatic room 
temperature stimuli are fundamentally different.14,30,33,50 
The hypersensitivity to pneumatic stimulation at room temperature is also different to recent 
reports of decreased corneal sensitivity to noxious mechanical, and chemical stimulation in dry eye 
patients.23,24 Once again, there were differences between the two studies with regard to stimulus types.  
The pneumatic cool stimuli used in the current study, consisting of thermal (cool) and mechanical 
components,18,21,34,36 may activate both cold and polymodal receptors of the ocular surface.  Perhaps 
the responsiveness from the cold receptors in the dry eye symptomatic group (i.e. enhanced 
sensitivity to cold stimulus) contributes to this discrepancy between studies.  One more possibility 
might account for this difference reported by both our group and de Paiva & Pflugfelder. If there are 
differences in the tear film of symptomatic and asymptomatic subjects that affect how the pneumatic 
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stimulus interacts with the ocular surface, the results could differ between groups. This hypothesis 
cannot reconcile the differences between studies or account for such observations as lack of an age 
effect, but does highlight the complexity of, and our lack of, a thorough understanding of the direct 
effect of this stimulus on the corneal and conjunctival surface and nerves. This deficiency in 
knowledge deserves further research. 
In summary, this study found that symptomatic subjects showed corneal and conjunctival 
hypersensitivity to pneumatic stimuli at room temperature, indicating alteration of sensory processing 
in these patients. This was more prominent in the conjunctiva than in the cornea suggesting that the 
change in conjunctival sensitivity may be an important characteristic of dryness-related ocular surface 
diseases. 
6.3 Summary of Part one and two 
These studies showed that conjunctival and corneal sensitivity to pneumatic cool stimulation was 
increased in subjects with symptoms of ocular dryness and the symptomatic group manifest greater 
corneal and conjuncitval staining and shorter tear film break-up time.  The hyperesthesia to cooling 
was associated with symptoms of ocular irritation and seemed to be greater on the conjunctiva.  Also, 





Effect of SH lens wear on ocular surface sensitivity 
Chapter 7 has been submitted to Investigative Ophthalmology & Visual Science for publication and is 
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Chapter 7 was submitted as follows: 
Effects of silicone hydrogel contact lens wear on ocular surface sensitivity to tactile, pneumatic 
mechanical and chemical stimulation  
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Purpose: To determine the effects of silicone hydrogel lens wear and lens-solution interactions on 
ocular surface sensitivity. 
Methods:  Forty-eight adapted lens-wearers completed the study, which comprised two phases. 
Phase 1 included habitual lens, no-lens wear (7±3 days) and balafilcon A lenses (PV) with a hydrogen 
peroxide-based regimen for 2 weeks; Phase 2 included wear of PV with multipurpose solution 
preserved with either polyhexamethylene-biguanide (PHMB) or Polyquad/Aldox (each for 1 week) 
with a 2-week washout period between solutions.  Tactile and pneumatic (mechanical and chemical) 
stimuli were delivered to determine thresholds by a Cochet-Bonnet and Belmonte pneumatic 
esthesiometer respectively.  Corneal and conjunctival thresholds and staining scores were assessed at 
baseline, after 2- and 8-hour of lens wear on day-1 and at the end of each wearing cycle (after 2 
hours). 
Results:  In phase 1, compared to no-lens baselines, corneal tactile thresholds increased at the 1-
day 8-hour and 2-week visits (p<0.05) while conjunctival mechanical thresholds decreased at the 1-
day 2-hour and 2-week visits (p<0.05).  In phase 2, the chemical thresholds were lower with PHMB-
preserved solution compared to the Polyquad/Aldox system at 1-day 2-hour and 1-week visits 
(p<0.05).  Staining scores were inversely correlated to conjunctival chemical thresholds (all p<0.05). 
Conclusions: Ocular surface sensitivity changed in adapted lens-wearers after lenses were refit 
following a no-lens interval, and during lens wear with different care regimens. Corneal staining 
occurring with certain lens-solution combinations is accompanied by sensory alteration of the ocular 
surface, i.e., higher levels of staining are correlated with increased conjunctival chemical sensitivity. 
7.2 Introduction 
Highly oxygen permeable silicone hydrogel (SH) lenses offer certain advantages over traditional 
hydrogel lenses for lens wearers, by eliminating lens-induced hypoxia and producing less detrimental 
effects on corneal homeostasis.1   Despite these ocular health benefits, SH lens wear is generally 
similar to hydrogel lens wear with respect to its mechanical interaction with the ocular surface and the 
effects on structure and physiology of the tear film.2 
The contact lens interacts with the cornea and conjunctiva; both are innervated by sensory nerve 
endings3 that are functionally heterogeneous.4   For example, mechano-nociceptors respond to 
mechanical stimuli only, cold receptors signal downward temperature changes in the non-noxious 
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range, while polymodal-nociceptors respond to mechanical, chemical and thermal stimuli.4   The 
cornea and conjunctiva provide sensory input to the functional unit comprising the ocular surface 
(cornea, conjunctiva and meibomian glands), the lacrimal glands and the sensory and motor nerves 
that connect them.5   Through a complex network, the afferent and efferent nerves link the 
components of the integrated unit into a homeostatic loop, with the primary function to protect and 
maintain the health of the ocular surface and the tear film.6 
The measurement of ocular surface sensitivity is one way to assess the functioning of the sensory 
nerves and has been a useful clinical indicator of corneal health, in contact lens wear and corneal 
disease and during the healing process following various corneal injuries and refractive surgery.7-9   In 
the past, sensitivity has been measured mainly using Cochet-Bonnet type esthesiometers10, 11  in 
which hair or nylon filaments of variable diameter and length were used to deliver tactile stimuli to 
the ocular surface.  The more recently developed pneumatic esthesiometers12-14 deliver controlled air 
pulses at various temperature and air-CO2 mixtures to the ocular surface and allow measurements of 
ocular surface sensitivity over a range of thermal, mechanical and chemical stimuli. 
Reduced corneal sensitivity has been reported in contact lens wear.15-23   The reduction in 
sensitivity seems to be eliminated after the cessation of lens wear.16, 17   Metabolic impairment (i.e. 
hypoxia) has been considered to be the principal cause of reduced sensory nerve function in 
traditional low oxygen permeability (Dk) hydrogel lens wear.20, 24   Other factors contributing to this 
sensitivity loss include sensory adaptation25, 26  and acidosis-suppressed corneal nerve function.7    
Most previous reports have been based on wearing earlier generation low Dk lens materials and the 
sensitivity measurements were limited to tactile stimulation.  It is largely unknown whether SH lens 
wear affects ocular surface sensitivity differently, particularly when lens-induced hypoxia has been 
reduced or eliminated.  Also, there have been no reports on how tactile, mechanical and chemical 
sensitivity changes with SH lens wear over time.  Moreover, perhaps due to the unique nature of SH 
lens materials, there is accumulating evidence that the interaction between certain SH lenses and 
preserved multipurpose solutions (MPSs) affects the ocular surface, manifested as corneal fluorescein 
staining.27, 28   It is unclear whether the interaction between the lens material and care regimens would 
have an impact on ocular surface sensitivity, although one study with a small sample has intimated 
that this may be the case.23 
The present study investigated the effects of SH lens wear and lens-solution interactions on ocular 
surface sensitivity.  We used different stimuli delivered by Cochet-Bonnet and Belmonte 
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esthesiometers and measured corneal and conjunctival thresholds in a group of adapted contact lens 
wearers, before and during a short period of cessation of lens wear and after refitting with SH lenses 
disinfected with a variety of care regimens. 
7.3 Methods and Materials 
This study was conducted in accord with the guidelines of the Declaration of Helsinki and received 
clearance from the University of Waterloo, Office of Research Ethics (Waterloo, Ontario, Canada).  
Informed Consent was obtained from each subject.  It was registered with the National Clinical Trial 
Registry (NCT00455455). 
7.3.1 Subjects 
Sample size calculations to detect significant differences were derived from unpublished data (to 
achieve power of 0.80, with effect size of 0.4 at 5% significance level, required sample size was 50).  
Fifty subjects, consisting of 35 females and 15 males (mean age 25.2 ± 7.4 years, ranged from18 to 
45 years), who were adapted contact lens wearers and asymptomatic during at least 8 hours of lens 
wear, participated in the study.  Each subject had no history of eye surgery, systemic or ocular disease 
and was not using any systemic or topical medication that would affect ocular health.  Two subjects 
did not complete the study; one was due to burning during lens insertion and the other one was for 
personal reasons. 
7.3.2 Study lens and care regimens 
Balafilcon A SH lenses (PureVision, Bausch & Lomb, Rochester, NY) and three lens care regimens 
were used in the study.  A hydrogen peroxide-based regimen (AOSEPT, CIBA Vision, Duluth, GA) 
was used in Phase I and in a wash-out period in Phase II, to eliminate potential confounding effects of 
surfactants and preservatives. Two multipurpose solutions (MPSs), the polyhexamethylene biguanide 
(PHMB)-based (ReNu MultiPlus, Bausch & Lomb, Rochester, NY) and a solution preserved with 
Polyquad(polyquaternium-1) and Aldox (myristamidopropyl dimethylamine) (OPTI-FREE 
RepleniSH, Alcon Laboratories, Fort Worth, TX), were used in Phase II.  Subjects wore balafilcon A 
lenses throughout the study, fit according to the manufacturer’s guidelines, on a daily wear basis.  
Each subject received a new pair of lenses upon commencing each lens care regimen period.  Lenses 
were cleaned and disinfected after each wearing period (i.e. after each day of lens wear), using the 
lens care regimen assigned to each particular phase.  Subjects were not permitted to use rewetting 
drops while wearing the study lenses. 
 
 98 
7.3.3 Study protocol 
The study had a randomized, single (experimenter) masked and bilateral design with crossover as 
illustrated in Figure 7-1.   It consisted of two phases: Phase I included habitual lens wear, no lens 
wear and use of PureVision lenses (PV) with AOSEPT for two weeks, and Phase II included PV with 
the two MPS care regimens (each for one week), with a two-week washout period during which PV 
with AOSEPT were used.  The order of the MPS solutions used in Phase II was randomly assigned 
and the investigator was masked with respect to the solution that each subject was using. 
Following slit-lamp biomicroscopy to examine the lens and ocular surface, corneal and 
conjunctival thresholds to tactile, pneumatic mechanical and chemical stimulation were measured on 
one eye at each visit (Figure 7-1).   The test eye was determined randomly and the same eye was used 
throughout the study. 
Habitual baseline (lens in 2 hours) 
No lens baseline (4-6 hours awakening) &  
AOSEPT dispensed
AOSEPT 1-day- 2 & 8 hour of lens wear 
(in 2 consecutive days, order randomly assigned)* 
AOSEPT 2-week (lens in 2 hours) &  
MPS A or B dispensed 
MPS 1-day - 2 & 8 hour of lens wear 
(in 2 consecutive days, order randomly assigned)* 
MPS 1-week (lens in 2 hours) 
Crossover, washout AOSEPT2 weeks
Exit study
MPS A MPS B 
Randomly assigned 






AOSEPT day1- 2 & 8 hours 
AOSEPT 2-week (MPS#1 BL) 
MPS#1 day 1- 2 & 8 hours 
MPS#1 1-week
Washout 2-week (MPS#2 BL) 
Habitual baseline (BL)
Study visits  
MPS#2 day 1- 2 & 8 hours 
MPS#2 1-week
*The two- and eight-hour measurements were taken on consecutive days to ensure that the lenses would be worn for eight consecutive hours prior to the eight-hour measurement.   
To eliminate the time effect introduced by the order of the measurement sessions, they were conducted in a random order at two and eight hours after lens insertion. 





7.3.4 Primary outcome measures 
7.3.4.1 Tactile stimulation thresholds 
Tactile thresholds were measured using a Cochet-Bonnet esthesiometer (Luneau France, France).   A 
nylon thread (0.12 mm diameter) was used to deliver tactile stimulation to the cornea and conjunctiva. 
The length of the thread was decreased in 5-mm steps until the participant reported feeling it, and the 
length of this stimulus detected was converted into pressure using the table provided by the 
manufacturer. 
7.3.4.2 Pneumatic mechanical and chemical stimulation thresholds 
A computerized Belmonte pneumatic esthesiometer that has been described in detail elsewhere12  was 
used to measure mechanical and chemical thresholds, using an ascending method of limits.  The tip of 
the esthesiometer was set 5 mm from the corneal and conjunctival surface and monitored using a 
calibrated video camera.  The mechanical stimuli consisted of a series of air pulses with flow rates 
varying from 0 to 200 ml/min.  Chemical stimulation was induced by increasing the concentration of 
CO2 in the air (with the stimulus flow rate fixed at half of the initially estimated mechanical 
threshold).  For both mechanical and chemical threshold measures, the stimulus temperature was at 
50°C, which was approximately 33°C at the ocular surface.12, 29, 30  The stimulus duration was two 
seconds, with a 20-second and 45-second intervals between the subject’s response and the next 
stimulus for mechanical and chemical measures, respectively. 
Tactile, pneumatic mechanical and chemical thresholds were estimated on the temporal mid-
peripheral cornea (approximately 3 mm from the apex) and temporal conjunctiva (approximately 5 
mm from the limbus).  A training session was conducted using the temporal mid-peripheral cornea of 
the contralateral eye prior to measurement.  Subjects were instructed to view fixation targets at about 
three meters and to blink freely between stimuli.  Subjects could also interrupt the trials if necessary.  
Corneal and conjunctival detection thresholds were the average of three intensities at stimulus 
detection for each modality of stimulation.  The measures were performed in the following order: 
Pneumatic mechanical, chemical and tactile thresholds. 
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7.3.5 Secondary outcome measure 
7.3.5.1 Corneal and conjunctival staining 
Five regions of the cornea (central, inferior, temporal, superior and nasal) were evaluated for staining 
two to three minutes following sodium fluorescein instillation (FUL-GLO® fluorescein strip wetted 
by Minims® single-dose saline), using cobalt light and a #12 Wratten filter.  A “percent-staining-area” 
was calculated based on the average staining area (extent) measured across all five regions.  
Conjunctival staining was measured using Lissamine green (Rose Stone Enterprises) with white light 
and a Hoya 25A filter and graded based on the severity of each region (inferior, temporal, superior 
and nasal) on a scale of 0 (none) to 4 (severe). 
7.3.6 Statistical analyses 
Statistical analyses were performed with Statistica 8.0 (StatSoft Inc. Tulsa, OK, USA) and p≤0.05 
was considered to be statistically significant.  Repeated measures analyses of variance (ANOVA) and 
post hoc Tukey HSD tests were carried out on the thresholds and corneal staining data.  The 
difference in thresholds in Phase I was compared between visits.  For Phase II data, the main effects 
of MPS solution and visit and their interaction were examined.  In addition, Friedman ANOVA and 
post hoc Wilcoxon with Bonferroni correction was used to test the differences in conjunctival staining 
between MPS solutions and visits.  Pearson correlations were performed between thresholds and 
corneal staining scores. 
Although all analyses of esthesiometry data were done on thresholds, since sensitivity is the 
reciprocal of the threshold and the most commonly used term, this term is used in discussing these 
outcomes. 
7.4 Results 
7.4.1 Effects of SH lens wear on corneal and conjunctival sensitivity 
Corneal and conjunctival thresholds for tactile, pneumatic mechanical and chemical stimulation for 
Phase I are presented in Table 7-1. 
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(air flow ml/min) 
Chemical 
(%CO2 added) 
 cornea conjunctiva cornea conjunctiva cornea conjunctiva 
Habitual lens 31.0 ± 18.2 116.0 ± 45.1 56.8 ± 30.3 60.3 ± 33.2 24.1 ± 9.2 47.8 ± 16.7 
No lens 28.7 ± 16.0 117.1 ± 37.5 53.4 ± 26.2 64.1 ± 30.6 27.0 ± 11.7 47.0 ± 15.9 
Dispensing PV lens and AOSEPT solution  
Day 1 – 2hrs 32.4 ± 15.9 122.5 ± 33.5 47.9 ± 23.5 50.7 ± 24.0 25.3 ± 11.0 49.2 ± 18.3 
Day 1 - 8hrs 35.1 ± 20.5 126.0 ± 42.0 47.4 ± 23.8 54.3 ± 29.7 25.8 ± 11.2 49.9 ± 17.9 
Week 2 - 2hrs 34.5 ± 19.0 121.4 ± 39.6 49.6 ± 24.6 53.6 ± 33.5 26.2 ± 13.3 49.0 ± 18.8 
 
 
There was a significant difference in corneal tactile threshold between visits, as shown in Figure 7-
2 (p=0.003, ANOVA).  At the 8-hour visit on day one and two weeks after the study lens was 
dispensed, the tactile threshold was higher compared to that at the end of the no lens-wear period 
(Tukey HSD, p=0.003 and 0.012 for 1-day 8-hour and 2-week, respectively).  There was no 
significant change in conjunctival tactile thresholds between visits (p>0.05, ANOVA). 
























Figure 7-2 Changes of corneal threshold to tactile stimulation in Phase 1 
Note: Data are the mean ± 95% CI. Tactile thresholds at 1-day 8 hours and 2-week visits were increased from 
no-lens baseline. *p<0.05. 
 
For pneumatic mechanical thresholds, there were significant differences in both corneal and 
conjunctival thresholds between visits, as seen in Figures 7-3 and 7-4 (p=0.013 and 0.002 for cornea 
and conjunctiva, respectively, ANOVA).  Corneal thresholds at the 2 and 8-hour visits on day one 
were lower than those with habitual lens wear (Tukey HSD, p=0.036 and 0.022 for 2- and 8-hour, 
respectively).  The conjunctival threshold at the end of the no lens-wear period was higher than 
measurements taken after two hours of PV lens wear at the day one and 2-week visits (Tukey HSD, 
p=0.003 and 0.038 for 1-day 2-hour and 2-week, respectively). 
For corneal and conjunctival chemical thresholds, there were no significant differences between 































Figure 7-3 Changes of corneal threshold to pneumatic mechanical stimulation in Phase 1 
Note: Data are the mean ± 95% CI.  Compared to habitual lens wear, threshold was lower at the one-day visits 
after refitting with the study lenses following a short period of no lens-wear. *p<0.05. 
 























Figure 7-4 Changes of conjunctival threshold to pneumatic mechanical stimulation in Phase 1 




7.4.2 Effect of lens-solution interactions on corneal and conjunctival sensitivity 
Corneal and conjunctival thresholds to tactile, pneumatic mechanical and chemical stimulation for 
Phase II are summarized in Table 7-2.  The statistical results for Phase II are described in the 
following order: chemical, pneumatic mechanical and tactile thresholds. 
106 
 




(air flow ml/min) 
Chemical 
(%CO2 added) 
 cornea conjunctiva cornea conjunctiva cornea conjunctiva 
PV + Polyquad/Aldox system period 
Baseline 
(AOSEPT) 
35.5 ± 19.0 123.9 ± 33.3 50.4 ± 25.9 53.1 ± 32.3 26.9 ± 13.0 48.7 ± 20.2 
Day1 – 2hrs 35.1 ± 17.2 125.6 ± 31.2 46.6 ± 25.7 51.4 ± 28.7 26.0 ± 12.9 51.2 ± 20.1 
Day1-8hrs 34.2 ± 20.3 126.6 ± 32.6 45.0 ± 24.8 49.4 ± 28.6 25.6 ± 14.1 50.6 ± 21.3 
Week 1-2hrs 33.9 ± 18.1 120.7 ± 27.5 44.3 ± 21.7 50.1 ± 32.0 25.5 ± 13.4 50.5 ± 20.2 
PV + PHMB-preserved system period 
Baseline 
(AOSEPT) 
34.2 ± 16.5  121.9 ± 36.7 46.2 ± 26.5 48.5 ± 30.0 25.5 ± 12.9  49.6 ±  18.7 
Day1 – 2hrs 34.6 ± 16.3  122.6 ± 35.1 44.6 ± 28.5 46.5 ± 27.5 22.9 ± 12.8 46.8 ±  21.2 
Day1-8hrs 36.9 ± 18.6 121.8 ± 33.7 43.5 ± 24.8 45.5 ± 27.7 24.8 ± 12.8 49.0 ±  21.3 
Week 1-2hrs 36.0 ± 18.7 124.2 ± 33.4 45.6 ± 25.8 50.5 ± 35.5 22.1 ± 13.8 46.2 ±  22.4 
Corneal chemical threshold was significantly different between the MPSs regardless of visits 
(p=0.049, ANOVA).   The threshold with the PHMB-preserved solution was lower compared to the 
Polyquad/Aldox system.  Figure 7-5 shows that there was a significant difference in corneal chemical 
thresholds between visits averaged across solutions (p=0.035, ANOVA).  Threshold at one week was 
lower than baseline (with AOSEPT) (Tukey HSD p=0.025).  However, the interaction between 
solution and visit was not significant, as seen in Figure 7-6A (p>0.05, ANOVA). 
Conjunctival chemical threshold in Phase II appeared to be lower with the PHMB-preserved 
solution than with the Polyquad/Aldox system.  However, the difference was not statistically 
significant (p>0.05, ANOVA). There was a significant interaction between solution and visit as 
shown in Figure 7-6B (p= 0.028, ANOVA).  At the 2-hour visit on day one and the 1-week visit, 
there were significant differences between the two MPSs (Tukey HSD, both p=0.049); lower 
threshold with the use of PHMB-preserved solution. 





















Figure 7-5 Changes of corneal chemical thresholds over time in Phase 2 
Note: Data are the mean ± 95% CI.  Chemical threshold at 1-week visit regardless of MPS used was lower 



















































Figure 7-6 Interactions between solution and visit for corneal (A, top) and conjunctival (B, 
bottom) chemical thresholds in Phase 2 
Note: Data are the mean ± 95% CI. (A, top) Corneal thresholds with the use of PHMB-preserved 
solution tended to be lower than that with the Polyquad/Aldox system at the 2-hour visits although the 
interaction was not statistically significant (ANOVA, p>0.05).  (B, bottom) At the 2-hour visits, 




For pneumatic mechanical thresholds (Table 7-2), there was a significant difference between visits 
regardless of solution used (p=0.049, ANOVA). Thresholds with the use of MPS tended to be lower 
than the baseline (AOSEPT).  However, the differences between each paired comparison did not 
reach statistical significance (Tukey HSD, all p>0.05). 
There were no significant differences in tactile thresholds between solutions and visits and no 
significant interactions (all p>0.05, ANOVA).  
7.4.3 Lens-solution-induced staining and its association with sensitivity 
In Phase I with the use of AOSEPT, staining was minimal for all the visits and the data were not 
reported here because of the scope of the study.  Grading of corneal and conjunctival staining for 
Phase II (stratified by MPS solution) is presented in Table 7-3. 
 
Table 7-3 Grading of corneal and conjunctival staining 
 Cornea  
(mean % area ± SD) 
Conjunctiva  









Baseline 1.3 ± 2.0 1.8 ± 3.0 2.0 (0, 6) 3.0 (0, 6) 
Day1-2hrs 1.6 ± 2.4 29.5 ± 32.5 2.0 (0, 5) 5.0 (1, 9) 
Day1-8hrs 5.7 ± 9.9 20.3 ± 25.1 3.0 (1, 5) 4.5 (1, 8) 
Week1-2hrs 4.7 ± 7.5 49.9 ± 39.9 3.0 (1, 6) 6.0 (2, 10) 
 
There were significant differences in corneal staining between solutions and visits (both p<0.0001, 
ANOVA).  Figure 7-7 demonstrates that the differences between visits were dependent on the 
solution type (p<0.0001, ANOVA).  With the Polyquad/Aldox system, corneal staining at all follow 
up visits was similar to the baseline (with AOSEPT) (Tukey HSD all p>0.05), whereas corneal 
staining with the PHMB-preserved solution increased at all follow up visits compared to the baseline. 
The highest score was at the 1-week visit after two hours of lens wear (Tukey HSD all p<0.003). 
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Figure 7-7 Interactions between solution and visit for corneal staining scores in Phase 2 
Note: Data are the mean ± 95% CI.  At all visits, the levels of corneal staining were higher with the use of 
PHMB-preserved solution compared to use of the solution preserved with Polyquad/Aldox. *p<0.001, 
**p<0.003. 
 
With the PHMB-preserved solution, conjunctival staining increased over time (Friedman p<0.001) 
and was higher than that with the Polyquad/Aldox system at all visits except for baseline (Wilcoxon 
with Bonferroni correction all p<0.001).  In addition, corneal staining was inversely correlated to 
conjunctival chemical thresholds at the 2- and 8-hour visits on day one (Pearson r= -0.34 and -0.37 
for the 2- and 8-hour visits, respectively, both p<0.05). 
 
7.5 Discussion 
Contact lens wear affects the ocular surface in various ways,2, 31, 32  and one of the effects has been to 
change the functioning of the sensory nerves of the ocular surface, as reflected in the response to 
corneal and conjunctival stimulations.  Sensory nerves not only provide information about the 
relationship between the body and the external environment (e.g. potential dangers or injuries), but 
also signal the physiological condition of the body such as local metabolism (e.g. acidic pH, hypoxia), 
immune and hormonal activity.33   The sensory impulses arising from the ocular surface are one of the 
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important aspects of the integrated functional unit and play a part in maintaining the homeostatic 
environment of the ocular surface.6 
In the current study, conjunctival sensitivity to pneumatic mechanical stimulation increased from 
the no-lens baseline after refitting with the SH lenses and a similar trend but smaller magnitude was 
observed in the cornea, suggesting an altered sensory processing of the ocular surface.  This increase 
in sensitivity appeared to be transient i.e. greater at the 2-hour and day-1 visits for conjunctiva and 
cornea, respectively.  Stapleton et al29 compared the effects of short-term SH and hydrogel lens wear 
on ocular surface sensitivity in neophytes and found that conjunctival sensitivity increased after the 
wear of SH lenses.  The mechanism which leads to this increase in sensitivity to mechanical stimuli is 
unclear.  Contact lenses applied to the eye can introduce stimulation due to friction on the ocular 
surface, particularly during the initial phase of wear.34   This mechanical effect might be greater with 
SH lens materials due to their relative high elastic modulus.34   In addition, the structure and 
physiology of the tear film can be altered during lens wear.2, 31, 32, 35   The combination of these factors 
may lead to an increase in sensory input from the ocular surface, signalling the temporary 
disequilibrium between the components of the functional unit.  Moreover, subclinical conjunctival 
inflammation that has been detected in asymptomatic contact lens wearers36 is likely to be another 
contributing factor, as the activities of the sensory nerve could be modified by injury and 
inflammatory mediators.4 
The change in mechanical sensitivity with SH lens wear in the current study was more pronounced 
in the conjunctiva.  The conjunctiva is not only supplied by free nerve endings to provide sensory 
input to the functional unit, as in the cornea, but is also a highly reactive tissue.37   It is richly supplied 
by blood vessels, connected to the lymphatic system, and filled with immunocompetent cells.37    In 
addition, the conjunctiva is directly involved in regulating the secretion of components of the tear 
film such as electrolytes, water and mucin,38, 39  and has a large area covering the ocular surface.  It is 
conceivable that the conjunctiva will be sensitive to any changes occurring on the ocular surface, 
including the effects of contact lens wear. 
In comparison, corneal tactile sensitivity decreased after wearing the SH lenses from the no-lens 
wear baseline, which is similar to previous reports with hydrogel lens wear.15, 20, 22   The reduction in 
corneal sensitivity with low DK hydrogel lens wear has been attributed to metabolic impairment 
resulting from lens-induced hypoxia.20, 24   SH lens materials have diminished the lens-induced 
hypoxic impact on corneal physiology, with resulting improvement of a number of physiological 
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markers, especially when lenses are worn overnight.40-42   If hypoxia and mechanical stimulation are 
responsible for lens-induced alteration in sensitivity but hypoxia effects have been minimized, the 
mechanism reducing tactile sensitivity with SH lens wear must be due to mechanical stimulation.  
Adaptation, the reduction in sensitivity after repeated suprathreshold stimulation, is a phenomenon 
which occurs in a variety of forms in sensory systems.43-47   Functionally, adaptation may help to 
optimize the dynamic range of encoding in a neural system by shifting the sensitivity,48-50   and it 
develops and recovers depending on the time course of the stimulation.51, 52   Although subjects in the 
current study were adapted daily contact lens wearers, temporary cessation of lens wear and therefore 
the withdrawal of mechanical stimulus might have allowed some recovery and therefore no 
adaptation to the lenses, as seen in Figure 7-2.  After refitting with SH lens, the close interaction 
between the lens and the cornea produced a sustained stimulation of the surface and adaptation, 
resulting in a shift in corneal sensitivity to the tactile stimuli. 
In addition to the changes in pneumatic mechanical and tactile sensitivity with SH lens wear, ocular 
surface chemical sensitivity seemed to reflect the interaction between SH lens materials and MPS in 
this study.  The higher levels of ocular surface staining induced by the solution preserved with PHMB 
were accompanied by an increased chemical sensitivity.  This is different to the decreased tactile 
sensitivity in solution-induced staining reported by Epstein.23   Comparison between the two studies is 
difficult to make due to differences in study design, lens materials and stimulus modality used.   Even 
though the exact mechanism causing lens-solution interaction induced staining remains unclear, the 
presence of this type of staining indicates an alteration in the ocular surface (Muya L, et al. IOVS 
2008;49: ARVO E-Abstract 4869) that may have an impact on the sensory input (or vice versa) to the 
functional unit.  This increased chemical sensitivity suggests sensitization of the polymodal-
nociceptors (or chemoreceptors53) of the ocular surface.  Sensitization, a reduction in threshold to one 
or more stimulus modalities and/or the development of lower-frequency spontaneous activity,54  can 
be caused by repeated noxious stimuli such as inflammatory mediators on the ocular surface.4, 55   
This sensitization makes the polymodal receptors excitable to non-noxious stimuli and enhances the 
magnitude of their response to noxious stimuli.54    Many components in ophthalmic solutions have 
the potential to induce inflammatory changes on the ocular surface,56   and in the current study, the 
combination of lens and solution might have acted as exogenous chemical stimuli of the ocular 
surface,  triggering a cascade of events, and resulting in enhanced responsiveness of the polymodal 
receptors.  More studies are warranted to explore the pathway and mechanism of sensitivity changes 
induced by this lens-solution interaction. 
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In the present study, we found different profiles of the changes in ocular surface sensitivity with 
lens wear and lens-solution combinations, when measuring with different stimulae from the two 
esthesiometers used.  The basis for the discrepancies between the two types of sensitivity 
measurement is not fully understood.  It has been suggested that the stimulus delivered by Cochet-
Bonnet esthesiometer may selectively activate mechano-nociceptors that are responsible for acute, 
sharp pain induced by direct mechanical contact with the ocular surface.4, 57  On the other hand, the 
pneumatic stimulation may activate both mechano- and polymodal-nociceptors.  More recently, it has 
been proposed that a series of labelled lines consisting of neurons in the spino-thalamic tract (the 
pain-signalling pathway to the brain) signal the homeostatic state of the body (interoception), whereas 
the pathways processing exteroceptive information (i.e. potentially dangerous stimuli impinging upon 
our body) associated with pain might be different.58   Additionally, studies have suggested that 
cornea-responsive neurons in the spinal trigeminal nucleus, the subnucleus interpolaris/caudalis 
transition (Vi/Vc) and the subnucleus caudalis/upper cervical cord transition (Vc/C1), process corneal 
input differently and perhaps serve different ocular nociception functions.59-61   Therefore, in addition 
to being related to differences between the two esthesiometers such as stimulus modality etc., this 
dissimilarity between tactile and pneumatic mechanical sensitivity may reflect the contribution of 
different nociceptive signalling pathways; the tactile sensitivity might represent the alarm-altering 
functions to exteroceptive stimuli while pneumatic mechanical and chemical sensitivity might provide 
additional interoceptive information such as changes in the ocular surface and tear film. 
In summary, despite the advances of SH lens materials in eliminating lens-induced hypoxia, this 
study has demonstrated that SH lens wear and lens-solution interactions affect ocular surface 
sensitivity.  The effects of lens wear on the sensory nerve function appear to be more complex than 
previously thought.  Given that the sensory input arising from the ocular surface plays a critical role 
in maintaining the optimally balanced state of the lacrimal functional unit, sensitivity measures may 
be considered as an indicator of the subclinical changes induced by SH lens wear.  However, the 
current study has some limitation partially because it examined lens wear for a relatively short time.  
Questions, such as how ocular surface sensitivity, particularly conjunctival sensitivity, varied after 
longer-term SH lens wear, whether sensory aspects of the ocular surface contribute to the end-of-day 
discomfort which is commonly reported by lens wearers including SH lenses wear, and what the 
clinical implications of the changes in sensitivity are, remain unanswered. The Belmonte pneumatic 
esthesiometer does however provide uniquely useful information when assessing different aspects of 





The series of experiments and clinical studies in this thesis examine corneal and conjunctival 
sensitivity across the ocular surface and the sensations and reflex responses to suprathreshold stimuli.  
The intent was to gain insight into the basic mechanisms that contribute to the sensitivity and 
sensation of the ocular surface and to relate these findings to the sensitivity changes occurring in 
DED and with contact lens wear. 
Using a computerized Belmonte esthesiometer it was found that sensitivity with pneumatic 
mechanical, cool and chemical stimulation at different corneal positions varied only slightly.  This is 
unlike previous reports1-3 that touch sensitivity measured using Cochet-Bonnet esthesiometry declined 
towards the peripheral cornea (Chapter 3).  The small variation with position was consistent with the 
finding of a relatively constant corneal cooling threshold.4, 5 The pattern appeared to be in accord with 
the newly described parallel arrangement of sub-basal nerves observed in human corneas6 and results 
reported using in vivo confocal microscopy.7  This more homogeneous nerve fibres distribution and 
therefore invariant sensitivity across the human cornea, differ from that seen in the rabbit corneas.8 
Based on the finding of slight variation in pneumatic sensitivity between central and peripheral 
cornea, sensations evoked by suprathreshold mechanical and chemical stimulation at different corneal 
position were investigated (Chapter 4).  It was demonstrated that the transducer function to 
suprathreshold stimuli was similar at the central and peripheral cornea but was different between the 
modalities (i.e. mechanical versus chemical).  This similarity in suprathreshold behaviour with 
noxious stimulation of central and peripheral cornea extended the sensitivity results found in Chapter 
3 and broadened the description of the underlying neural mechanisms responsible for corneal 
nociception.  It seems that the functioning of the corneal sensory system is more homogeneous at 
different positions than previously thought.  On the other hand, the modality specificity that exists at 
various levels of the processing pathways may contribute to the different qualities of pain between the 
two modalities.9-14 The evidence suggested that different mechanisms may be responsible for various 
aspects of corneal nociception, although the functions of sensory nerves as reflected in their 
sensitivity and suprathreshold responses to corneal stimulation were similar across the cornea.  
Mechanisms that mediate the sensory-discriminative aspect of corneal nociception seemed to be 
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similar regardless of stimulus location, whereas the mechanisms that underlie the different qualities of 
pain and irritation evoked by mechanical and chemical stimuli may not be the same. 
This regional variation in the functioning of corneal innervation was further explored by 
investigating the relationship between the sensory input at different locations of the cornea and the 
efferent outputs determined by tear secretion in the lacrimal functional unit (Chapter 5).  This study 
demonstrated that both polymodal and mechano-nociceptors contribute to the afferent pathways of 
reflex tear secretion, a result in agreement with those of Acosta et al.15   Interestingly, reflex tearing 
was greater with central stimulation compared to peripheral stimuli, suggesting that the responses 
were position dependent.  Presumably, this greater reflex response to central stimuli is intended to 
protect the eye from any external stimulation that may potentially impair vision as the central cornea 
is situated along the visual axis.  The reflex tearing evoked by noxious stimulation of the central and 
peripheral cornea may be driven by different neural circuitries at higher levels of the processing 
pathway. 
It has been proposed that sensory input from the cornea (thus the ocular surface) is an important 
aspect of the integrated lacrimal functional unit and plays a part in regulating tear secretion. The study 
in Chapter 5 showed a nearly linear relationship between tear secretion volume and the stimulus 
intensity, but tear secretion following sub-threshold stimuli was similar to the unstimulated tear flow, 
while suprathreshold nociceptive corneal stimuli evoked reflex lacrimation.  These results support the 
hypothesis that sensory innervation of the cornea (thus the ocular surface) is the systematic neural 
driving force for lacrimal gland secretion16, 17 and regulates tear secretion under normal (unstimulated) 
conditions and after physiological and environmental challenges.18, 19 
Additionally, the sensory and the autonomic nerves link the components of the lacrimal functional 
unit into a homeostatic loop, and dysfunction of any part of the functional unit could result in 
alteration of the other components and manifest as DED.19 It was found that the dry eye symptomatic 
group had corneal and conjunctival hypersensitivity, shorter tear film break-up time, greater degree of 
ocular surface staining and higher OSDI score compared to the non-dry eye group, indicating 
alterations in various aspects of the lacrimal functional unit (Chapter 6).  The corneal and 
conjunctival hypersensitivity appeared to be associated with symptom severity, tear film instability 
and corneal epitheliopathy.  Despite the reported changes of corneal sensitivity in DED remaining 
controversial,20-25  evidence from this study suggests that altered sensory processing may be one of 
the essential factors that characterises DED. 
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It is important to note that the hypersensitivity was more prominent in the conjunctiva than in the 
cornea, although corneal and conjunctival sensitivity was highly correlated in this study.  Since 
cornea and conjunctiva have similar types of sensory receptors and their epithelia have the same 
embryological derivation, it is likely that they share roles in providing sensory signals to the lacrimal 
functional unit for the purpose of maintaining the integrity of the tear film and the health of the ocular 
surface. 
This notion was confirmed in the study investigating the effect of SH contact lens wear on corneal 
and conjunctival sensitivity (Chapter 7).  It was demonstrated that conjuncitval pneumatic mechanical 
sensitivity was increased after refitting with SH lenses following a no-lens wear interval.  This 
increase in conjunctival sensitivity with SH lens wear was consistent with the results reported by 
Stapleton et al.26   In addition, it appeared that corneal staining induced by certain lens-solution 
combinations was accompanied by altered ocular surface chemical sensitivity. 
Unfortunately, past studies on sensitivity in DED and contact lens wear have mainly focused on the 
cornea, and the conjunctiva has received little attention.  Given that conjunctiva is not only directly 
involved in regulating mucin production and water and electrolytes secretion into the tear film but is 
also a highly active tissue that is richly supplied by blood vessels and connected to the lymphatic 
system, it is plausible that previously overlooked conjunctival sensitivity may also have an important 
clinical role in conditions where the homeostatic state of the lacrimal functional unit has been 
disrupted. 
Another interesting finding was the difference in sensitivity across the cornea when measured using 
Cochet-Bonnet and pneumatic (Belmonte) esthesiometers.  Besides the difference in the variation of 
sensitivity across the cornea, the changes in corneal sensitivity after refitting SH lenses following a 
short-period of no-lens wear were different between the two instruments.  A previous study has 
shown that central corneal sensitivity measured using Cochet-Bonnet and non-contact pneumatic 
esthesiometers was not correlated.27   It was proposed that the stimuli used in these two types of 
instruments might have activated different subclasses of functional type receptors although how this 
is possible is unclear.27, 28 
The results from the studies in this thesis suggest that two esthesiometers may measure different 
aspects of sensory nerve function that serves to protect the cornea (thus the ocular surface) from 
external and internal challenges.  It has been recognized that the nociceptive system have 
exteroceptive and interoceptive properties, serving important roles in signalling potentially dangerous 
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stimuli impinging on our body (exteroception) and also signalling injured or dysfunctional tissue that 
disrupts homeostasis (interoception).29    Recently, a series of specific sensory channels (labelled 
lines) consisting of neurons in the spino-thalamic tract (the pain-signalling pathways to the brain) that 
receive interoceptive information have been proposed.30  On this basis (among other things), it was 
hypothesised that the pathways processing interoception and exteroception may be different.31  The 
tactile sensitivity of the ocular sensory nerves might represent the alarm-altering function of the 
exteroceptive nociceptive system to escape/avoidance of external threats, while pneumatic sensitivity 
might provide additional interoceptive information such as changes in the physiological condition of 
the ocular surface and tear film. 
Despite the advances of Belmonte esthesiometry enabling measurement of corneal and conjunctival 
sensitivity over a wider range of stimuli type, there are a few limitations of the instrument.  Similar to 
the other types of pneumatic esthesiometry,32, 33  the stimulated area is larger than that of a Cochet-
Bonnet esthesiometer.  Also, how the air column interacts with the tear film is not understood. The 
tear film itself (and thus its interaction with the pneumatic stimulus) might have an effect on the 
measurement.  Plus, the instrument used in these studies is a prototype and there is little room to 
refine its design in order to better control the consistency and range of the stimuli.  Also, some stimuli 
operate over the maximum dynamic range (i.e. 0-100% added CO2). 
In addition to the limitations in the instrumentation, the psychophysical methods used to estimate 
thresholds are based on classical “yes-no” design and absence of control over the subject’s decision 
criterion.34, 35  This deficit, to some degree, may introduce bias in the measurement.   Lastly, unlike 
the visual system, the sensory system of the ocular surface varies substantially based upon 
physiological and environmental challenges.  Furthermore, pain (including corneal nociception 
induced by suprathreshold stimuli) is an experience involving emotion and awareness.30, 36   Perhaps, 






Conclusions and future direction 
In conclusion, sensitivity to pneumatic cool and mechanical stimuli varies only slightly across the 
cornea while chemical sensitivity is almost constant.  This pattern of variation is different to the 
highest sensitivity in the center and marked decline in the periphery described previously with tactile 
stimuli.  The distribution of the human corneal sensory nerve endings may be more homogenous than 
previously hypothesised. 
In addition, the transducer function is similar in the central and peripheral cornea, and therefore the 
threshold and suprathreshold mechanisms mediating the sensory-discriminative aspect of corneal 
nociception may be similar across the cornea.   However, the reflex tearing response to suprathreshold 
stimuli appears to be related to stimulus position, with greater emphasis on the corneal apex, perhaps 
because of the importance of the visual axis.  Also, the transducer functions obtained using 
mechanical and chemical stimuli are different, suggesting that the neural mechanisms responsible for 
the nociceptive sensation evoked by mechanical and chemical stimulation may be different.  This 
modality specificity that is retained at various levels of the processing pathway may contribute to the 
different nociceptive sensory experiences evoked by mechanical and chemical stimuli. 
Sensory input from the cornea is an important aspect of the lacrimal functional unit and a major 
driving force for tear secretion.  Corneal and conjunctival sensitivity is altered in DED and the 
alteration in sensory processing is associated with the severity of the symptoms.  SH contact lens 
wear produces a decrease in corneal tactile sensitivity and increases conjunctival sensitivity to 
pneumatic mechanical stimuli, while corneal staining associated with lens-solution interaction co-
occurs with altered corneal and conjunctival sensitivity to chemical stimuli.   The changes in 
sensitivity in DED and contact lens wear seem to be more prominent in the conjunctiva than in the 
cornea. 
The profiles of “mechanical” sensitivity measured using Cochet-Bonnet and pneumatic (Belmonte) 
esthesiometers are dissimilar.  The two measurements may reflect the different functional aspects of 
sensory nerves (interoception and exteroception). 
There remain many unanswered questions in the field related to the sensory processing by the 
ocular surface and the clinical relevance of these neural mechanisms.  It is largely unknown how the 
natural history of different forms of DED relates to ocular surface sensitivity.  It is not understood at 
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all what the clinical implications of the changes in ocular surface sensitivity accompanying contact 
lens wear are, particular in SH lens wearers. Future studies are required to explore the pathway and 
mechanism involved in sensitivity changes induced by the SH lens and lens-care regimen interaction.  
In addition, exploring the basic science examining the interaction between tear film and the 
pneumatic mechanical and chemical stimuli of the esthesiometer may help to better understand some 





1. Elsss T, Edvinsson L, Sundler F, Uddman R. Neuronal Pathways to the Rat Conjunctiva Revealed 
by Retrograde Tracing and Immunocytochemistry. Experimental Eye Research. 1994;58:117-126. 
2 Muller LJ, Vrensen GF, Pels L, Cardozo BN, Willekens B. Architecture of human corneal nerves. 
Invest Ophthalmol Vis Sci. 1997;38:985-994. 
3.  Rozsa AJ, Beuerman RW. Density and organization of free nerve endings in the corneal 
epithelium of the rabbit. Pain. 1982;14:105-120. 
4.  Ruskell GL. Innervation of the conjunctiva. Trans Ophthalmol Soc U K. 1985;104 ( Pt 4):390-395. 
5.  Muller LJ, Marfurt CF, Kruse F, Tervo TM. Corneal nerves: structure, contents and function. Exp 
Eye Res. 2003;76:521-542. 
6.  Belmonte C, Garcia-Hirschfeld J, Gallar J. Neurobiology of ocular pain. Progress in Retinal and 
Eye Research. 1997;16:117-156. 
7.  Marfurt CF. Nervous control of the cornea. In: Burnstock G, Sillito AM (eds), Nervous control of 
the eye Australia, Canada, France, Germany, India, Japan, Lexumbourg, Malaysia, The netherland, 
Russia, Singapore, Switzerland: Harwood Academic Publishers; 2000:41-92. 
8.  Beuerman RW, Mircheff A, Pflugfelder SC, Stern ME. The lacrimal functional unit. In: 
Pflugfelder SC, Beuerman RW, Stern ME (eds), Dry eye and ocular surface disorders New York,  
Basel: Marcel Dekker, Inc.; 2004:11-39. 
9.  Dartt DA. Regulation of mucin and fluid secretion by conjunctival epithelial cells. Prog Retin Eye 
Res. 2002;21:555-576. 
10. Dartt DA. Control of mucin production by ocular surface epithelial cells. Exp Eye Res. 
2004;78:173-185. 
11. Stern ME, Gao J, Siemasko KF, Beuerman RW, Pflugfelder SC. The role of the lacrimal 
functional unit in the pathophysiology of dry eye. Exp Eye Res. 2004;78:409-416. 
12. Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp 
Eye Res. 2004;78:513-525. 
 
 121 
13. Richardson JD, Vasko MR. Cellular Mechanisms of Neurogenic Inflammation. J Pharmacol Exp 
Ther. 2002;302:839-845. 
14. Garcia-Hirschfeld J, Lopez-Briones LG, Belmonte C. Neurotrophic influences on corneal 
epithelial cells. Exp Eye Res. 1994;59:597-605. 
15. Wilson SE, Mohan RR, Mohan RR, Ambrosio R, Jr., Hong J, Lee J. The corneal wound healing 
response: cytokine-mediated interaction of the epithelium, stroma, and inflammatory cells. Prog 
Retin Eye Res. 2001;20:625-637. 
16. Holden BA, Polse KA, Fonn D, Mertz GW. Effects of cataract surgery on corneal function. Invest 
Ophthalmol Vis Sci. 1982;22:343-350. 
17. Sweeney D, Vannas A, Holden BA, Tervo T, Telaranta T. Evidence for sympathetic neural 
influence on human corneal epithelial function. Acta Ophthalmol (Copenh). 1985;63:215-220. 
18. Bron AJ, Tripathi RC, Tripathi BJ. Wolff's Anatomy of the Eye and Orbit. 8th ed. London, 
Weinheim, New York, Tokyo, Melbourne, Madras: Chapman & Hall Medical; 1997:233-278. 
19. Lawrenson JG, Ruskell GL. The structure of corpuscular nerve endings in the limbal conjunctiva 
of the human eye. J Anat. 1991;177:75-84. 
20. MacIver MB, Tanelian DL. Structural and functional specialization of A delta and C fiber free 
nerve endings innervating rabbit corneal epithelium. J Neurosci. 1993;13:4511-4524. 
21. Brennan NA, Bruce AS. Esthesiometry as an indicator of corneal health. Optom Vis Sci. 
1991;68:699-702. 
22. Martin XY, Safran AB. Corneal hypoesthesia. Surv Ophthalmol. 1988;33:28-40. 
23. COCHET P, BONNET R. [Corneal esthesiometry. Performance and practical importance]. Bull 
Soc Ophtalmol Fr. 1961;6:541-550. 
24. Millodot M, Larson W. New measurements of corneal sensitivity: a preliminary report. Am J 
Optom Arch Am Acad Optom. 1969;46:261-265. 
25. Draeger J. Corneal sensitivity : measurement and clinical importance /: Wien : Springer-Verlag; 
1984:1-155. 




27. Murphy PJ, Lawrenson JG, Patel S, Marshall J. Reliability of the non-contact corneal 
aesthesiometer and its comparison with the Cochet-Bonnet aesthesiometer. Ophthalmic Physiol 
Opt. 1998;18:532-539. 
28. Belmonte C, Acosta MC, Schmelz M, Gallar J. Measurement of corneal sensitivity to mechanical 
and chemical stimulation with a CO2 esthesiometer. Invest Ophthalmol Vis Sci. 1999;40:513-519. 
29. Murphy PJ, Patel S, Marshall J. A new non-contact corneal aesthesiometer (NCCA). Ophthalmic 
Physiol Opt. 1996;16:101-107. 
30. Vega JA, Simpson TL, Fonn D. A noncontact pneumatic esthesiometer for measurement of ocular 
sensitivity: a preliminary report. Cornea. 1999;18:675-681. 
31. Benitez-del-Castillo JM, del Rio T, Iradier T, Hernandez JL, Castillo A, Garcia-Sanchez J. 
Decrease in tear secretion and corneal sensitivity after laser in situ keratomileusis. Cornea. 
2001;20:30-32. 
32. Benitez-del-Castillo JM, Acosta MC, Wassfi MA, et al. Relation between Corneal Innervation 
with Confocal Microscopy and Corneal Sensitivity with Noncontact Esthesiometry in Patients 
with Dry Eye. Invest Ophthalmol Vis Sci. 2007;48:173-181. 
33. de Paiva CS, Pflugfelder SC. Corneal epitheliopathy of dry eye induces hyperesthesia to 
mechanical air jet stimulation. Am J Ophthalmol. 2004;137:109-115. 
34. Gallar J, Acosta MC, Moilanen JA, Holopainen JM, Belmonte C, Tervo TM. Recovery of corneal 
sensitivity to mechanical and chemical stimulation after laser in situ keratomileusis. J Refract 
Surg. 2004;20:229-235. 
35. Linna TU, Vesaluoma MH, Perez-Santonja JJ, Petroll WM, Alio JL, Tervo TM. Effect of myopic 
LASIK on corneal sensitivity and morphology of subbasal nerves. Invest Ophthalmol Vis Sci. 
2000;41:393-397. 
36. Millodot M. A review of research on the sensitivity of the cornea. Ophthalmic Physiol Opt. 
1984;4:305-318. 
37. Murphy PJ, Corbett MC, O'Brart DP, Verma S, Patel S, Marshall J. Loss and recovery of corneal 
sensitivity following photorefractive keratectomy for myopia. J Refract Surg. 1999;15:38-45. 
38. Murphy PJ, Patel S, Marshall J. The effect of long-term, daily contact lens wear on corneal 
sensitivity. Cornea. 2001;20:264-269. 
 
 123 
39. Boberg-Ans J. Experience in clinical examination of corneal sensitivity; corneal sensitivity and 
the naso-lacrimal reflex after retrobulbar anaesthesia. Br J Ophthalmol. 1955;39:705-726. 
40. Chan-Ling T. Sensitivity and neural organization of the cat cornea. Invest Ophthalmol Vis Sci. 
1989;30:1075-1082. 
41. Muller LJ, Pels E, Staff CB. Distribution of Stromal and Subbasal Nerves in Fresh Human 
Corneas. ARVO Meeting Abstracts. 2005;46:877. 
42. Patel DV, McGhee CN. Mapping of the normal human corneal sub-Basal nerve plexus by in vivo 
laser scanning confocal microscopy. Invest Ophthalmol Vis Sci. 2005;46:4485-4488. 
43. Gescheider GA. Psychophysics: the fundamentals. Third ed. Mahwah, New Jersey; London: 
Lawrence Erlbaum Associates; 2004. 
44. Stevens SS. To Honor Fechner and Repeal His Law - A Power Function, Not A Log Function, 
Describes Operating Characteristic of A Sensory System. Science. 1961;133:80-86. 
45. Chen X, Gallar J, Pozo MA, Baeza M, Belmonte C. CO2 stimulation of the cornea: a comparison 
between human sensation and nerve activity in polymodal nociceptive afferents of the cat. Eur J 
Neurosci. 1995;7:1154-1163. 
46. Feng Y, Simpson TL. Nociceptive sensation and sensitivity evoked from human cornea and 
conjunctiva stimulated by CO2. Invest Ophthalmol Vis Sci. 2003;44:529-532. 
47. Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. The pathology of dry 
eye: the interaction between the ocular surface and lacrimal glands. Cornea. 1998;17:584-589. 
48. Mathers WD. Why the eye becomes dry: a cornea and lacrimal gland feedback model. CLAO J. 
2000;26:159-165. 
49. Rolando M, Zierhut M. The ocular surface and tear film and their dysfunction in dry eye disease. 
Surv Ophthalmol. 2001;45 Suppl 2:S203-S210. 
50. Acosta MC, Peral A, Luna C, Pintor J, Belmonte C, Gallar J. Tear secretion induced by selective 
stimulation of corneal and conjunctival sensory nerve fibers. Invest Ophthalmol Vis Sci. 
2004;45:2333-2336. 
51. Dartt DA. Neural regulation of lacrimal gland secretory processes: Relevance in dry eye diseases. 
Progress in Retinal and Eye Research. 2009;28:155-177. 
 
 124 
52. Lemp MA, Baudouin C, Baum J, et al. The definition and classification of dry eye disease: Report 
of the Definition and Classification Subcommittee of the International Dry Eye WorkShop (2007). 
Ocul Surf. 2007;5:75-92. 
53. Bourcier T, Acosta MC, Borderie V, et al. Decreased Corneal Sensitivity in Patients with Dry 
Eye. Invest Ophthalmol Vis Sci. 2005;46:2341-2345. 
54. Pflugfelder SC, Tseng SC, Sanabria O, et al. Evaluation of subjective assessments and objective 
diagnostic tests for diagnosing tear-film disorders known to cause ocular irritation. Cornea. 
1998;17:38-56. 
55. Xu KP, Yagi Y, Tsubota K. Decrease in corneal sensitivity and change in tear function in dry eye. 
Cornea. 1996;15:235-239. 
56. Millodot M. Effect of soft lenses on corneal sensitivity. Acta Ophthalmol (Copenh). 1974;52:603-
608. 
57. Millodot M. Effect of hard contact lenses on corneal sensitivity and thickness. Acta Ophthalmol 
(Copenh). 1975;53:576-584. 
58. Millodot M. Effect of the length of wear of contact lenses on corneal sensitivity. Acta Ophthalmol 
(Copenh). 1976;54:721-730. 
59. Millodot M. Effect of long-term wear of hard contact lenses on corneal sensitivity. Arch 
Ophthalmol. 1978;96:1225-1227. 
60. Sanaty M, Temel A. Corneal sensitivity changes in long-term wearing of hard 
polymethylmethacrylate contact lenses. Ophthalmologica. 1998;212:328-330. 
61. Velasco MJ, Bermudez FJ, Romero J, Hita E. Variations in corneal sensitivity with hydrogel 
contact lenses. Acta Ophthalmol (Copenh). 1994;72:53-56. 
62. Lowther GE, Hill RM. Sensitivity threshold of the lower lid margin in the course of adaptation to 
contact lenses. Am J Optom Arch Am Acad Optom. 1968;45:587-594. 
63. Millodot M, O'Leary DJ. Effect of oxygen deprivation on corneal sensitivity. Acta Ophthalmol 
(Copenh). 1980;58:434-439. 
64. Polse KA. Etiology of corneal sensitivity changes accompanying contact lens wear. Invest 
Ophthalmol Vis Sci. 1978;17:1202-1206. 
 
 125 
65. Ladage PM, Ren DH, Petroll WM, Jester JV, Bergmanson JP, Cavanagh HD. Effects of eyelid 
closure and disposable and silicone hydrogel extended contact lens wear on rabbit corneal 
epithelial proliferation. Invest Ophthalmol Vis Sci. 2003;44:1843-1849. 
66. Jones L, MacDougall N, Sorbara LG. Asymptomatic corneal staining associated with the use of 
balafilcon silicone-hydrogel contact lenses disinfected with a polyaminopropyl biguanide-
preserved care regimen. Optom Vis Sci. 2002;79:753-761. 
67. Epstein AB. Contact lens care products effect on corneal sensitivity and patient comfort. Eye 
Contact Lens. 2006;32:128-132. 
 
Chapter 2 
1.  Bron AJ, Tripathi RC, Tripathi BJ. Wolff's Anatomy of the Eye and Orbit. 8th ed. London, 
Weinheim, New York, Tokyo, Melbourne, Madras: Chapman & Hall Medical; 1997:233-278. 
2.  Rozsa AJ, Beuerman RW. Density and organization of free nerve endings in the corneal 
epithelium of the rabbit. Pain. 1982;14:105-120. 
3.  Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp Eye 
Res. 2004;78:513-525. 
4.  Muller LJ, Marfurt CF, Kruse F, Tervo TM. Corneal nerves: structure, contents and function. Exp 
Eye Res. 2003;76:521-542. 
5.  Belmonte C, Garcia-Hirschfeld J, Gallar J. Neurobiology of ocular pain. Progress in Retinal and 
Eye Research. 1997;16:117-156. 
6.  Muller LJ, Vrensen GF, Pels L, Cardozo BN, Willekens B. Architecture of human corneal nerves. 
Invest Ophthalmol Vis Sci. 1997;38:985-994. 
7.  Marfurt CF. Nervous control of the cornea. In: Burnstock G, Sillito AM (eds), Nervous control of 
the eye Australia, Canada, France, Germany, India, Japan, Lexumbourg, Malaysia, The netherland, 
Russia, Singapore, Switzerland: Harwood Academic Publishers; 2000:41-92. 
8.  Patel DV, McGhee CN. Mapping of the normal human corneal sub-Basal nerve plexus by in vivo 
laser scanning confocal microscopy. Invest Ophthalmol Vis Sci. 2005;46:4485-4488. 
 
 126 
9.  Marfurt CF, Deek S, Dvorscak L. Anatomical Studies of the Human Corneal Innervation Using 
Modified Whole Mounts. Investigative Ophthalmology & Visual Science. 2008;49:2563. 
10. Duke-Elder S WKC. Anatomy of the visual system. In:  System of Ophthalmology.: London: 
Henry Kimpton; 1961:92-131. 
11. Macintosh SR. The innervation of the conjunctiva in monkeys. An electron microscopic and nerve 
degeneration study. Albrecht Von Graefes Arch Klin Exp Ophthalmol. 1974;192:105-116. 
12. Forrester JV, Dick AD, McMenamin P, Lee WR. Anatomy of the eye and orbit. In:  The Eye: 
Basic science in practice London, Philadelphia, Toronto, Sydney, Tokyo: WB Saunders Company 
Ltd; 1996:1-86. 
13. Burton H. Somatic sensations from the eye. In: Hart WMJr (ed), Adler's physiology of the eye : 
clinical application. 9 ed. St. Louis ; Toronto: Mosby Year Book; 1992:71-100. 
14. Lawrenson JG, Ruskell GL. The structure of corpuscular nerve endings in the limbal conjunctiva 
of the human eye. J Anat. 1991;177:75-84. 
15. Belmonte C, Tervo T. Pain in and around the eye. In: McMahon S, Koltzenburg M (eds), Wall 
and Melzack's Textbook of Pain. 5th ed. London: Elsevier Science; 2005:887-901. 
16. Belmonte C, Aracil A, Acosta MC, Luna C, Gallar J. Nerves and sensations from the eye surface. 
Ocul Surf. 2004;2:248-253. 
17. Tanelian DL, Beuerman RW. Responses of rabbit corneal nociceptors to mechanical and thermal 
stimulation. Exp Neurol. 1984;84:165-178. 
18. Mark D, Maurice D. Sensory recording from the isolated cornea. Invest Ophthalmol Vis Sci. 
1977;16:541-545. 
19. LELE PP, WEDDELL G. The relationship between neurohistology and corneal sensibility. Brain. 
1956;79:119-154. 
20. Belmonte C, Giraldez F. Responses of cat corneal sensory receptors to mechanical and thermal 
stimulation. J Physiol. 1981;321:355-368. 
21. Belmonte C, Gallar J, Pozo MA, Rebollo I. Excitation by irritant chemical substances of sensory 
afferent units in the cat's cornea. J Physiol. 1991;437:709-725. 
 
 127 
22. Gallar J, Pozo MA, Tuckett RP, Belmonte C. Response of sensory units with unmyelinated fibres 
to mechanical, thermal and chemical stimulation of the cat's cornea. J Physiol. 1993;468:609-622. 
23. Giraldez F, Geijo E, Belmonte C. Response characteristics of corneal sensory fibers to mechanical 
and thermal stimulation. Brain Res. 1979;177:571-576. 
24. MacIver MB, Tanelian DL. Structural and functional specialization of A delta and C fiber free 
nerve endings innervating rabbit corneal epithelium. J Neurosci. 1993;13:4511-4524. 
25. MacIver MB, Tanelian DL. Free nerve ending terminal morphology is fiber type specific for A 
delta and C fibers innervating rabbit corneal epithelium. J Neurophysiol. 1993;69:1779-1783. 
26. Belmonte C, Gallar J. Corneal nociceptors. In: Belmonte C, Cervero F (eds), Neurobiology of 
Nociceptors. 1st ed. Oxford New York: Oxford University Press; 1996:146-183. 
27. Belmonte C, Gallar J, Lopez-Briones L, Pozo MA. Polymodality in nociceptive neurons:  
experimental models of chemotransduction. In: Urban L (ed), Cellular Mechanisms of Sensory 
Processing: The Somatosensory System Berlin: Springer; 1994:87-117. 
28. LELE PP, WEDDELL G. Sensory nerves of the cornea and cutaneous sensibility. Exp Neurol. 
1959;1:334-359. 
29. Acosta MC, Belmonte C, Gallar J. Sensory experiences in humans and single-unit activity in cats 
evoked by polymodal stimulation of the cornea. J Physiol. 2001;534:511-525. 
30. Murphy PJ, Morgan PB, Patel S, Marshall J. Corneal surface temperature change as the mode of 
stimulation of the non-contact corneal aesthesiometer. Cornea. 1999;18:333-342. 
31. Chen X, Belmonte C, Rang HP. Capsaicin and carbon dioxide act by distinct mechanisms on 
sensory nerve terminals in the cat cornea. Pain. 1997;70:23-29. 
32. Dubner R, Bennett GJ. Spinal and Trigeminal Mechanisms of Nociception. Annual Review of 
Neuroscience. 1983;6:381-418. 
33. Marfurt CF. The central projections of trigeminal primary afferent neurons in the cat as 
determined by the tranganglionic transport of horseradish peroxidase. J Comp Neurol. 
1981;203:785-798. 
34. Marfurt CF, Del Toro DR. Corneal sensory pathway in the rat: a horseradish peroxidase tracing 
study. J Comp Neurol. 1987;261:450-459. 
 
 128 
35. Panneton WM, Burton H. Projections from the paratrigeminal nucleus and the medullary and 
spinal dorsal horns to the peribrachial area in the cat. Neuroscience. 1985;15:779-797. 
36. Hirata H, Okamoto K, Bereiter DA. GABA(A) receptor activation modulates corneal unit activity 
in rostral and caudal portions of trigeminal subnucleus caudalis. J Neurophysiol. 2003;90:2837-
2849. 
37. Meng ID, Hu JW, Benetti AP, Bereiter DA. Encoding of corneal input in two distinct regions of 
the spinal trigeminal nucleus in the rat: cutaneous receptive field properties, responses to thermal 
and chemical stimulation, modulation by diffuse noxious inhibitory controls, and projections to 
the parabrachial area. J Neurophysiol. 1997;77:43-56. 
38. Hirata H, Hu JW, Bereiter DA. Responses of medullary dorsal horn neurons to corneal 
stimulation by CO(2) pulses in the rat. J Neurophysiol. 1999;82:2092-2107. 
39. Hirata H, Okamoto K, Tashiro A, Bereiter DA. A Novel Class of Neurons at the Trigeminal 
Subnucleus Interpolaris/Caudalis Transition Region Monitors Ocular Surface Fluid Status and 
Modulates Tear Production. J Neurosci. 2004;24:4224-4232. 
40. Yoshida A, Dostrovsky JO, Sessle BJ, Chiang CY. Trigeminal projections to the nucleus 
submedius of the thalamus in the rat. J Comp Neurol. 1991;307:609-625. 
41. Hirata H, Takeshita S, Hu JW, Bereiter DA. Cornea-responsive medullary dorsal horn neurons: 
modulation by local opioids and projections to thalamus and brain stem. J Neurophysiol. 
2000;84:1050-1061. 
42. Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. The pathology of dry 
eye: the interaction between the ocular surface and lacrimal glands. Cornea. 1998;17:584-589. 
43. Beuerman RW, Mircheff A, Pflugfelder SC, Stern ME. The lacrimal functional unit. In: 
Pflugfelder SC, Beuerman RW, Stern ME (eds), Dry eye and ocular surface disorders New York,  
Basel: Marcel Dekker, Inc.; 2004:11-39. 
44. Lemp MA, Baudouin C, Baum J, et al. The definition and classification of dry eye disease: Report 
of the Definition and Classification Subcommittee of the International Dry Eye WorkShop (2007). 
Ocul Surf. 2007;5:75-92. 
45. Stern ME, Gao J, Siemasko KF, Beuerman RW, Pflugfelder SC. The role of the lacrimal 
functional unit in the pathophysiology of dry eye. Exp Eye Res. 2004;78:409-416. 
 
 129 
46. Wolff E. Mucocutenous junction of lid margin and distribution of tear fluid. Trans Opthal Soc 
UK. 1946;66:291-308. 
47. Holly FJ, Lemp MA. Tear physiology and dry eyes. Surv Ophthalmol. 1977;22:69-87. 
48. Chen HB, Yamabayashi S, Ou B, Tanaka Y, Ohno S, Tsukahara S. Structure and composition of 
rat precorneal tear film. A study by an in vivo cryofixation. Invest Ophthalmol Vis Sci. 
1997;38:381-387. 
49. Tran CH, Routledge C, Miller J, Miller F, Hodson SA. Examination of Murine Tear Film. Invest 
Ophthalmol Vis Sci. 2003;44:3520-3525. 
50. Corfield AP, Carrington SD, Hicks SJ, Berry M, Ellingham R. Ocular mucins: Purification, 
metabolism and functions. Progress in Retinal and Eye Research. 1997;16:627-656. 
51. Johnson ME, Murphy PJ. Changes in the tear film and ocular surface from dry eye syndrome. 
Prog Retin Eye Res. 2004;23:449-474. 
52. Ramamoorthy P, Nichols JJ. Mucins in contact lens wear and dry eye conditions. Optom Vis Sci. 
2008;85:631-642. 
53. Jumblatt MM, McKenzie RW, Steele PS, Emberts CG, Jumblatt JE. MUC7 expression in the 
human lacrimal gland and conjunctiva. Cornea. 2003;22:41-45. 
54. Dartt DA. Regulation of mucin and fluid secretion by conjunctival epithelial cells. Prog Retin Eye 
Res. 2002;21:555-576. 
55. Dartt DA. Control of mucin production by ocular surface epithelial cells. Exp Eye Res. 
2004;78:173-185. 
56. Dartt DA. Neural regulation of lacrimal gland secretory processes: Relevance in dry eye diseases. 
Progress in Retinal and Eye Research. 2009;28:155-177. 
57. Dartt DA. Regulation of lacrimal gland secretion by neurotransmitters and the EGF family of 
growth factors. Exp Eye Res. 2001;73:741-752. 
58. Dartt DA. Interaction of EGF family growth factors and neurotransmitters in regulating lacrimal 
gland secretion. Exp Eye Res. 2004;78:337-345. 
59. Bron AJ, Tiffany JM, Gouveia SM, Yokoi N, Voon LW. Functional aspects of the tear film lipid 
layer. Exp Eye Res. 2004;78:347-360. 
 
 130 
60. McCulley JP, Shine W. A compositional based model for the tear film lipid layer. Trans Am 
Ophthalmol Soc. 1997;95:79-88. 
61. Perra MT, Serra A, Sirigu P, Turno F. Histochemical demonstration of acetylcholinesterase 
activity in human Meibomian glands. Eur J Histochem. 1996;40:39-44. 
62. Seifert P, Spitznas M. Vasoactive intestinal polypeptide (VIP) innervation of the human eyelid 
glands. Exp Eye Res. 1999;68:685-692. 
63. Luhtala J, Palkama A, Uusitalo H. Calcitonin gene-related peptide immunoreactive nerve fibers in 
the rat conjunctiva. Invest Ophthalmol Vis Sci. 1991;32:640-645. 
64. Jordan A, Baum J. Basic tear flow. Does it exist? Ophthalmology. 1980;87:920-930. 
65. Mathers WD. Why the eye becomes dry: a cornea and lacrimal gland feedback model. CLAO J. 
2000;26:159-165. 
66. Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. A unified theory of the 
role of the ocular surface in dry eye. Adv Exp Med Biol. 1998;438:643-651. 
67. Acosta MC, Peral A, Luna C, Pintor J, Belmonte C, Gallar J. Tear secretion induced by selective 
stimulation of corneal and conjunctival sensory nerve fibers. Invest Ophthalmol Vis Sci. 
2004;45:2333-2336. 
68. Fechner GT. Elements of psychophysics New York: Holt, Rinehart and Winston,  1860. 
69. Gescheider GA. Psychophysics: the fundamentals. Third ed. Mahwah, New Jersey; London: 
Lawrence Erlbaum Associates; 2004. 
70. Leek MR. Adaptive procedures in psychophysical research. Percept Psychophys. 2001;63:1279-
1292. 
71. Falmagne JC. Psychophysical measurement and theory. In: Boff KR, Kaufman L, Thomas JP 
(eds), Sensory Processes and Perception New York, Chichester, Brisbane, Toronto, Singapore: 
John Wiley and Sons; 1986:3-66. 
72. Green DM, Swets JA. Signal Detection Theory and Psychophysics New York, London, Sydney: 
John Wiley and Sons, Inc.; 1966. 
73. Treutwein B. Adaptive psychophysical procedures. Vision Res. 1995;35:2503-2522. 
74. Gescheider GA. Psychophysical Scaling. Annual Review of Psychology. 1988;39:169-200. 
 
 131 
75. Stevens SS. To Honor Fechner and Repeal His Law - A Power Function, Not A Log Function, 
Describes Operating Characteristic of A Sensory System. Science. 1961;133:80-86. 
76. Belmonte C, Acosta MC, Schmelz M, Gallar J. Measurement of corneal sensitivity to mechanical 
and chemical stimulation with a CO2 esthesiometer. Invest Ophthalmol Vis Sci. 1999;40:513-519. 
77. Chen X, Gallar J, Pozo MA, Baeza M, Belmonte C. CO2 stimulation of the cornea: a comparison 
between human sensation and nerve activity in polymodal nociceptive afferents of the cat. Eur J 
Neurosci. 1995;7:1154-1163. 
78. Feng Y, Simpson TL. The inhibitory interaction between human corneal and conjunctival sensory 
channels. Invest Ophthalmol Vis Sci. 2005;46:1251-1255. 
79. Millodot M. Psychophysical scaling of corneal sensitivity. Psychonomic science. 2009;12:401-
402. 
80. Stevens SS. On the Theory of Scales of Measurement. Science. 1946;103:677-680. 
81. Boberg-Ans J. Experience in clinical examination of corneal sensitivity; corneal sensitivity and 
the naso-lacrimal reflex after retrobulbar anaesthesia. Br J Ophthalmol. 1955;39:705-726. 
82. COCHET P, BONNET R. [Corneal esthesiometry. Performance and practical importance]. Bull 
Soc Ophtalmol Fr. 1961;6:541-550. 
83. Draeger J. Corneal sensitivity : measurement and clinical importance /: Wien : Springer-Verlag; 
1984:1-155. 
84. Millodot M, Larson W. New measurements of corneal sensitivity: a preliminary report. Am J 
Optom Arch Am Acad Optom. 1969;46:261-265. 
85. Murphy PJ, Patel S, Marshall J. A new non-contact corneal aesthesiometer (NCCA). Ophthalmic 
Physiol Opt. 1996;16:101-107. 
86. Vega JA, Simpson TL, Fonn D. A noncontact pneumatic esthesiometer for measurement of ocular 
sensitivity: a preliminary report. Cornea. 1999;18:675-681. 
87. SCHIRMER KE. ASSESSMENT OF CORNEAL SENSITIVITY. British Journal of 
Ophthalmology. 1963;47:488-492. 




89. Feng Y, Simpson TL. Nociceptive sensation and sensitivity evoked from human cornea and 
conjunctiva stimulated by CO2. Invest Ophthalmol Vis Sci. 2003;44:529-532. 
90. Murphy PJ, Armstrong E, Woods LA. A comparison of corneal and conjunctival sensitivity to a 
thermally cooling stimulus. Adv Exp Med Biol. 2002;506:719-722. 
91. Brennan NA, Bruce AS. Esthesiometry as an indicator of corneal health. Optom Vis Sci. 
1991;68:699-702. 
92. Norn MS. Conjunctival sensitivity in normal eyes. Acta Ophthalmol (Copenh). 1973;51:58-66. 
93. Acosta MC, Tan ME, Belmonte C, Gallar J. Sensations evoked by selective mechanical, chemical, 
and thermal stimulation of the conjunctiva and cornea. Invest Ophthalmol Vis Sci. 2001;42:2063-
2067. 
94. Benitez-del-Castillo JM, del Rio T, Iradier T, Hernandez JL, Castillo A, Garcia-Sanchez J. 
Decrease in tear secretion and corneal sensitivity after laser in situ keratomileusis. Cornea. 
2001;20:30-32. 
95. de Paiva CS, Pflugfelder SC. Corneal epitheliopathy of dry eye induces hyperesthesia to 
mechanical air jet stimulation. Am J Ophthalmol. 2004;137:109-115. 
96. Gallar J, Acosta MC, Moilanen JA, Holopainen JM, Belmonte C, Tervo TM. Recovery of corneal 
sensitivity to mechanical and chemical stimulation after laser in situ keratomileusis. J Refract 
Surg. 2004;20:229-235. 
97. Linna TU, Vesaluoma MH, Perez-Santonja JJ, Petroll WM, Alio JL, Tervo TM. Effect of myopic 
LASIK on corneal sensitivity and morphology of subbasal nerves. Invest Ophthalmol Vis Sci. 
2000;41:393-397. 
98. Martin XY, Safran AB. Corneal hypoesthesia. Surv Ophthalmol. 1988;33:28-40. 
99. Millodot M. Effect of soft lenses on corneal sensitivity. Acta Ophthalmol (Copenh). 1974;52:603-
608. 
100. Millodot M. Effect of hard contact lenses on corneal sensitivity and thickness. Acta Ophthalmol 
(Copenh). 1975;53:576-584. 
101. Murphy PJ, Patel S, Marshall J. The effect of long-term, daily contact lens wear on corneal 
sensitivity. Cornea. 2001;20:264-269. 
 
 133 
102. Xu KP, Yagi Y, Tsubota K. Decrease in corneal sensitivity and change in tear function in dry 
eye. Cornea. 1996;15:235-239. 
103. Lawrenson JG. Corneal sensitivity in health and disease. Ophthalmic and Physiological Optics. 
1997;17:S17-S22. 
104. Murphy PJ, Lawrenson JG, Patel S, Marshall J. Reliability of the non-contact corneal 
aesthesiometer and its comparison with the Cochet-Bonnet aesthesiometer. Ophthalmic Physiol 
Opt. 1998;18:532-539. 
105. Weinstein S, Drozdenko R, Weinstein C. A new device for corneal esthesiometry: Clinical 
significance and application. Clin Eye Vision Care. 1992;4:123-128. 
106. Beuerman RW, Tanelian DL. Corneal pain evoked by thermal stimulation. Pain. 1979;7:1-14. 
107. Brennan NA, Maurice D. Corneal Aesthesiometry with a Carbon Dioxide Laser. Invest 
Ophthalmol Vis Sci. 1989;30:S148. 
108. Stapleton F, Tan M, Papas E, et al. Corneal and conjunctival sensitivity to air stimuli. Br J 
Ophthalmol. 2004;88:1547-1551. 
109. Golebiowski B, Papas EB, Stapleton F. Factors affecting corneal and conjunctival sensitivity 
measurement. Optom Vis Sci. 2008;85:241-246. 
110. Henderson L, Bond D, Simpson T. The association between eye color and corneal sensitivity 
measured using a Belmonte esthesiometer. Optom Vis Sci. 2005;82:629-632. 
111. Feng Y, Simpson TL. Characteristics of human corneal psychophysical channels. Invest 
Ophthalmol Vis Sci. 2004;45:3005-3010. 
112. Feng Y. Psychophysical studies of ocular surface sensory processing. In:  University of 
Waterloo; 2003. 
113. Millodot M. A review of research on the sensitivity of the cornea. Ophthalmic Physiol Opt. 
1984;4:305-318. 
114. Roszkowska AM, Colosi P, Ferreri FM, Galasso S. Age-related modifications of corneal 
sensitivity. Ophthalmologica. 2004;218:350-355. 




116. Patel DV, Tavakoli M, Craig JP, Efron N, McGhee CN. Corneal sensitivity and slit scanning in 
vivo confocal microscopy of the subbasal nerve plexus of the normal central and peripheral human 
cornea. Cornea. 2009;28:735-740. 
117. Lawrenson JG, Ruskell GL. Investigation of limbal touch sensitivity using a Cochet-Bonnet 
aesthesiometer. Br J Ophthalmol. 1993;77:339-343. 
118. Acosta MC, Alfaro ML, Borras F, Belmonte C, Gallar J. Influence of age, gender and iris color 
on mechanical and chemical sensitivity of the cornea and conjunctiva. Experimental Eye 
Research. 2006;83:932-938. 
119. Millodot M. The influence of age onthe sensitivity of the cornea. Invest Ophthalmol Vis Sci. 
1977;16:240-242. 
120. du Toit R, Situ P, Simpson T, Fonn D. The effects of six months of contact lens wear on the tear 
film, ocular surfaces, and symptoms of presbyopes. Optom Vis Sci. 2001;78:455-462. 
121. Murphy PJ, Patel S, Kong N, Ryder RE, Marshall J. Noninvasive assessment of corneal 
sensitivity in young and elderly diabetic and nondiabetic subjects. Invest Ophthalmol Vis Sci. 
2004;45:1737-1742. 
122. Benitez-del-Castillo JM, Acosta MC, Wassfi MA, et al. Relation between Corneal Innervation 
with Confocal Microscopy and Corneal Sensitivity with Noncontact Esthesiometry in Patients 
with Dry Eye. Invest Ophthalmol Vis Sci. 2007;48:173-181. 
123. Millodot M, Lamont A. Influence of menstruation on corneal sensitivity. Br J Ophthalmol. 
1974;58:752-756. 
124. Millodot M. The influence of pregnancy on the sensitivity of the cornea. Br J Ophthalmol. 
1977;61:646-649. 
125. du Toit R, Vega JA, Fonn D, Simpson T. Diurnal variation of corneal sensitivity and thickness. 
Cornea. 2003;22:205-209. 
126. Millodot M. Diurnal variation of corneal sensitivity. Br J Ophthalmol. 1972;56:844-847. 




128. Millodot M. Corneal sensitivity in people with the same and with different iris color. Invest 
Ophthalmol. 1976;15:861-862. 
129. Murphy PJ, Boyle KL, Hayton DT. The effect of iris and skin pigmentation on corneal and eylid 
sensitivity. Optom Vis Sci. 1999;76:244. 
130. Millodot M. Corneal sensitivity in people with the same and with different iris color. Invest 
Ophthalmol Vis Sci. 1976;15:861-862. 
131. Adatia FA, Michaeli-Cohen A, Naor J, Caffery B, Bookman A, Slomovic AR. Correlation 
between corneal sensitivity, subjective dry eye symptoms and corneal staining in Sjogren 
syndrome. Can J Ophthalmol. 2004;39:767-771. 
132. Benitez del Castillo JM, Wasfy MA, Fernandez C, Garcia-Sanchez J. An in vivo confocal 
masked study on corneal epithelium and subbasal nerves in patients with dry eye. Invest 
Ophthalmol Vis Sci. 2004;45:3030-3035. 
133. Bourcier T, Acosta MC, Borderie V, et al. Decreased Corneal Sensitivity in Patients with Dry 
Eye. Invest Ophthalmol Vis Sci. 2005;46:2341-2345. 
134. Pflugfelder SC, Tseng SC, Sanabria O, et al. Evaluation of subjective assessments and objective 
diagnostic tests for diagnosing tear-film disorders known to cause ocular irritation. Cornea. 
1998;17:38-56. 
135. Tuisku IS, Konttinen YT, Konttinen LM, Tervo TM. Alterations in corneal sensitivity and nerve 
morphology in patients with primary Sjogren's syndrome. Exp Eye Res. 2008;86:879-885. 
136. Villani E, Galimberti D, Viola F, Mapelli C, Ratiglia R. The Cornea in Sjogren's Syndrome: An 
In Vivo Confocal Study. Invest Ophthalmol Vis Sci. 2007;48:2017-2022. 
137. Velasco MJ, Bermudez FJ, Romero J, Hita E. Variations in corneal sensitivity with hydrogel 
contact lenses. Acta Ophthalmol (Copenh). 1994;72:53-56. 
138. Larke JR, Hirji NK. Some clinically observed phenomena in extended contact lens wear. Br J 
Ophthalmol. 1979;63:475-477. 




140. Sanaty M, Temel A. Corneal sensitivity changes in long-term wearing of hard 
polymethylmethacrylate contact lenses. Ophthalmologica. 1998;212:328-330. 
141. Bergenske PD, Polse KA. The effect of rigid gas permeable lenses on corneal sensitivity. J Am 
Optom Assoc. 1987;58:212-215. 
142. Beuerman RW, Rozsa AJ. Threshold and signal detection measurements of the effect of soft 
contact lenses on corneal sensitivity. Curr Eye Res. 1985;4:742-744. 
143. Millodot M, Henson DB, O'Leary DJ. Measurement of corneal sensitivity and thickness with 
PMMA and gas-permeable contact lenses. Am J Optom Physiol Opt. 1979;56:628-632. 
144. Knoll HA, Williams J. Effects of hydrophilic contact lenses on corneal sensitivity. Am J Optom 
Arch Am Acad Optom. 1970;47:561-563. 
145. Stapleton F, Rodriguez L, Cengiz A. Ocular surface sensitivity in contact lens wear. Optom Vis 
Sci. 1999;76:108. 
146. Millodot M. Effect of the length of wear of contact lenses on corneal sensitivity. Acta 
Ophthalmol (Copenh). 1976;54:721-730. 
147. Tanelian DL, Beuerman RW. Recovery of corneal sensation following hard contact lens wear 
and the implication for adaptation. Invest Ophthalmol Vis Sci. 1980;19:1391-1394. 
148. Epstein AB. Contact lens care products effect on corneal sensitivity and patient comfort. Eye 
Contact Lens. 2006;32:128-132. 
149. Abelson MB, Greiner JV, Chan-Ling T, Mooshian ML. Adaptive changes in the 
thresholdsensitivity of the tarsus as measured with Cochet-Bonnet aesthesiometer. Invest 
Ophthalmol Vis Sci. 1993;34:s1006. 
150. Lowther GE, Hill RM. Sensitivity threshold of the lower lid margin in the course of adaptation 
to contact lenses. Am J Optom Arch Am Acad Optom. 1968;45:587-594. 
151. Tan ME, Morris CA, Papas EB, Belmonte C, Holden BA. Conjunctival and corneal sensitivity in 
asymptomatic and symptomatic contact lens wearers. Invest Ophthalmol Vis Sci. 1997;38:s1336. 
152. Bonanno JA, Polse KA. Corneal acidosis during contact lens wear: effects of hypoxia and CO2. 
Invest Ophthalmol Vis Sci. 1987;28:1514-1520. 
 
 137 
153. Holden BA, Ross R, Jenkins J. Hydrogel contact lenses impede carbon dioxide efflux from the 
human cornea. Curr Eye Res. 1987;6:1283-1290. 
154. Polse KA. Etiology of corneal sensitivity changes accompanying contact lens wear. Invest 
Ophthalmol Vis Sci. 1978;17:1202-1206. 
155. Millodot M, O'Leary DJ. Effect of oxygen deprivation on corneal sensitivity. Acta Ophthalmol 
(Copenh). 1980;58:434-439. 
156. Millodot M. Aesthesiometry. In: Ruben M, Guillon M (eds), Contact lens practice London: 
Chapman and Hall; 1994:437-452. 
157. Oliveira-Soto L, Efron N. Morphology of corneal nerves in soft contact lens wear. A 
comparative study using confocal microscopy. Ophthalmic and Physiological Optics. 
2003;23:163-174. 
158. Patel SV, McLaren JW, Hodge DO, Bourne WM. Confocal microscopy in vivo in corneas of 




1.  Muller LJ, Marfurt CF, Kruse F, Tervo TM. Corneal nerves: structure, contents and function. Exp 
Eye Res. 2003;76:521-542. 
2.  Rozsa AJ, Beuerman RW. Density and organization of free nerve endings in the corneal 
epithelium of the rabbit. Pain. 1982;14:105-120. 
3.  Garcia-Hirschfeld J, Lopez-Briones LG, Belmonte C. Neurotrophic influences on corneal 
epithelial cells. Exp Eye Res. 1994;59:597-605. 
4.  Wilson SE, Mohan RR, Mohan RR, Ambrosio R, Jr., Hong J, Lee J. The corneal wound healing 
response: cytokine-mediated interaction of the epithelium, stroma, and inflammatory cells. Prog 
Retin Eye Res. 2001;20:625-637. 
5.  Murphy PJ, Patel S, Marshall J. The effect of long-term, daily contact lens wear on corneal 
sensitivity. Cornea. 2001;20:264-269. 
 
 138 
6.  Benitez-del-Castillo JM, del Rio T, Iradier T, Hernandez JL, Castillo A, Garcia-Sanchez J. 
Decrease in tear secretion and corneal sensitivity after laser in situ keratomileusis. Cornea. 
2001;20:30-32. 
7.  Beuerman RW, Rozsa AJ. Threshold and signal detection measurements of the effect of soft 
contact lenses on corneal sensitivity. Curr Eye Res. 1985;4:742-744. 
8.  Linna TU, Vesaluoma MH, Perez-Santonja JJ, Petroll WM, Alio JL, Tervo TM. Effect of myopic 
LASIK on corneal sensitivity and morphology of subbasal nerves. Invest Ophthalmol Vis Sci. 
2000;41:393-397. 
9.  Murphy PJ, Corbett MC, O'Brart DP, Verma S, Patel S, Marshall J. Loss and recovery of corneal 
sensitivity following photorefractive keratectomy for myopia. J Refract Surg. 1999;15:38-45. 
10. Gallar J, Acosta MC, Moilanen JA, Holopainen JM, Belmonte C, Tervo TM. Recovery of corneal 
sensitivity to mechanical and chemical stimulation after laser in situ keratomileusis. J Refract 
Surg. 2004;20:229-235. 
11. Xu KP, Yagi Y, Tsubota K. Decrease in corneal sensitivity and change in tear function in dry eye. 
Cornea. 1996;15:235-239. 
12. de Paiva CS, Pflugfelder SC. Corneal epitheliopathy of dry eye induces hyperesthesia to 
mechanical air jet stimulation. Am J Ophthalmol. 2004;137:109-115. 
13. Pflugfelder SC, Tseng SC, Sanabria O, et al. Evaluation of subjective assessments and objective 
diagnostic tests for diagnosing tear-film disorders known to cause ocular irritation. Cornea. 
1998;17:38-56. 
14. Benitez-del-Castillo JM, Acosta MC, Wassfi MA, et al. Relation between Corneal Innervation 
with Confocal Microscopy and Corneal Sensitivity with Noncontact Esthesiometry in Patients 
with Dry Eye. Invest Ophthalmol Vis Sci. 2007;48:173-181. 
15. Bron AJ, Tripathi RC, Tripathi BJ. Wolff's Anatomy of the Eye and Orbit. 8th ed. London, 
Weinheim, New York, Tokyo, Melbourne, Madras: Chapman & Hall Medical; 1997:233-278. 
16. Belmonte C, Giraldez F. Responses of cat corneal sensory receptors to mechanical and thermal 
stimulation. J Physiol. 1981;321:355-368. 
17. Giraldez F, Geijo E, Belmonte C. Response characteristics of corneal sensory fibers to mechanical 
and thermal stimulation. Brain Res. 1979;177:571-576. 
 
 139 
18. Tanelian DL, MacIver MB. Simultaneous visualization and electrophysiology of corneal A-delta 
and C fiber afferents. J Neurosci Methods. 1990;32:213-222. 
19. Belmonte C, Gallar J, Pozo MA, Rebollo I. Excitation by irritant chemical substances of sensory 
afferent units in the cat's cornea. J Physiol. 1991;437:709-725. 
20. MacIver MB, Tanelian DL. Free nerve ending terminal morphology is fiber type specific for A 
delta and C fibers innervating rabbit corneal epithelium. J Neurophysiol. 1993;69:1779-1783. 
21. MacIver MB, Tanelian DL. Structural and functional specialization of A delta and C fiber free 
nerve endings innervating rabbit corneal epithelium. J Neurosci. 1993;13:4511-4524. 
22. Tanelian DL, Beuerman RW. Responses of rabbit corneal nociceptors to mechanical and thermal 
stimulation. Exp Neurol. 1984;84:165-178. 
23. Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp 
Eye Res. 2004;78:513-525. 
24. Acosta MC, Belmonte C, Gallar J. Sensory experiences in humans and single-unit activity in cats 
evoked by polymodal stimulation of the cornea. J Physiol. 2001;534:511-525. 
25. Chen X, Gallar J, Pozo MA, Baeza M, Belmonte C. CO2 stimulation of the cornea: a comparison 
between human sensation and nerve activity in polymodal nociceptive afferents of the cat. Eur J 
Neurosci. 1995;7:1154-1163. 
26. Gallar J, Pozo MA, Tuckett RP, Belmonte C. Response of sensory units with unmyelinated fibres 
to mechanical, thermal and chemical stimulation of the cat's cornea. J Physiol. 1993;468:609-622. 
27. Murphy PJ, Patel S, Morgan PB, Marshall J. The minimum stimulus energy required to produce a 
cooling sensation in the human cornea. Ophthalmic Physiol Opt. 2001;21:407-410. 
28. Martin XY, Safran AB. Corneal hypoesthesia. Surv Ophthalmol. 1988;33:28-40. 
 29.  Brennan NA, Bruce AS. Esthesiometry as an indicator of corneal health. Optom Vis Sci. 
1991;68:699-702. 
30. Boberg-Ans J. Experience in clinical examination of corneal sensitivity; corneal sensitivity and 
the naso-lacrimal reflex after retrobulbar anaesthesia. Br J Ophthalmol. 1955;39:705-726. 
31. Millodot M, Larson W. New measurements of corneal sensitivity: a preliminary report. Am J 
Optom Arch Am Acad Optom. 1969;46:261-265. 
 
 140 
32. Draeger J. Corneal sensitivity : measurement and clinical importance /: Wien : Springer-Verlag; 
1984:1-155. 
33. Belmonte C, Acosta MC, Schmelz M, Gallar J. Measurement of corneal sensitivity to mechanical 
and chemical stimulation with a CO2 esthesiometer. Invest Ophthalmol Vis Sci. 1999;40:513-519. 
34. Murphy PJ, Morgan PB, Patel S, Marshall J. Corneal surface temperature change as the mode of 
stimulation of the non-contact corneal aesthesiometer. Cornea. 1999;18:333-342. 
35. Vega JA, Simpson TL, Fonn D. A noncontact pneumatic esthesiometer for measurement of ocular 
sensitivity: a preliminary report. Cornea. 1999;18:675-681. 
36. Feng Y, Simpson TL. Nociceptive sensation and sensitivity evoked from human cornea and 
conjunctiva stimulated by CO2. Invest Ophthalmol Vis Sci. 2003;44:529-532. 
37. Feng Y, Simpson TL. Characteristics of human corneal psychophysical channels. Invest 
Ophthalmol Vis Sci. 2004;45:3005-3010. 
38. Murphy PJ, Patel S, Marshall J. A new non-contact corneal aesthesiometer (NCCA). Ophthalmic 
Physiol Opt. 1996;16:101-107. 
39. Murphy PJ, Armstrong E, Woods LA. A comparison of corneal and conjunctival sensitivity to a 
thermally cooling stimulus. Adv Exp Med Biol. 2002;506:719-722. 
40. Murphy PJ, Patel S, Kong N, Ryder RE, Marshall J. Noninvasive assessment of corneal 
sensitivity in young and elderly diabetic and nondiabetic subjects. Invest Ophthalmol Vis Sci. 
2004;45:1737-1742. 
41. Stapleton F, Tan M, Papas E, et al. Corneal and conjunctival sensitivity to air stimuli. Br J 
Ophthalmol. 2004;88:1547-1551. 
42. Gescheider GA. Psychophysics: the fundamentals. Third ed. Mahwah, New Jersey; London: 
Lawrence Erlbaum Associates; 2004. 
43. Acosta MC, Tan ME, Belmonte C, Gallar J. Sensations evoked by selective mechanical, chemical, 




44. Guyton AC. Sensory receptors and their basic mechanisms of action. In:  Basic Human 
Neurophysiology. Third ed. Philadelphia, London, Toronto, Mexico City, Sydney, Tokyo: 
W.B.Saunders Company; 1981:96-104. 
45. Muller LJ, Pels L, Vrensen GF. Ultrastructural organization of human corneal nerves. Invest 
Ophthalmol Vis Sci. 1996;37:476-488. 
46. Muller LJ, Vrensen GF, Pels L, Cardozo BN, Willekens B. Architecture of human corneal nerves. 
Invest Ophthalmol Vis Sci. 1997;38:985-994. 
47. Chan-Ling T. Sensitivity and neural organization of the cat cornea. Invest Ophthalmol Vis Sci. 
1989;30:1075-1082. 
48. Muller LJ, Pels E, Staff CB. Distribution of Stromal and Subbasal Nerves in Fresh Human 
Corneas. ARVO Meeting Abstracts. 2005;46:877. 
49. Patel DV, McGhee CN. Mapping of the normal human corneal sub-Basal nerve plexus by in vivo 
laser scanning confocal microscopy. Invest Ophthalmol Vis Sci. 2005;46:4485-4488. 
50. Beuerman RW, Tanelian DL. Corneal pain evoked by thermal stimulation. Pain. 1979;7:1-14. 
51. Belmonte C, Garcia-Hirschfeld J, Gallar J. Neurobiology of ocular pain. Progress in Retinal and 
Eye Research. 1997;16:117-156. 
52. Liu T, Sawai J, DiPascuale MA, Tseng SC. Water Evaporation is increased in lid skin and ocular 
surface of patients with Floppy Eyelid Syndrome. Invest Ophthalmol Vis Sci. 2004;45:ARVO E-
Abstract 3879. 
53. Murphy PJ, Lawrenson JG, Patel S, Marshall J. Reliability of the non-contact corneal 
aesthesiometer and its comparison with the Cochet-Bonnet aesthesiometer. Ophthalmic Physiol 
Opt. 1998;18:532-539. 
54. Roszkowska AM, Colosi P, Ferreri FM, Galasso S. Age-related modifications of corneal 








1.  Muller LJ, Marfurt CF, Kruse F, Tervo TM. Corneal nerves: structure, contents and function. Exp 
Eye Res. 2003;76:521-542. 
2.  Rozsa AJ, Beuerman RW. Density and organization of free nerve endings in the corneal 
epithelium of the rabbit. Pain. 1982;14:105-120. 
3.  Marfurt CF. Nervous control of the cornea. In: Burnstock G, Sillito AM (eds), Nervous control of 
the eye Australia, Canada, France, Germany, India, Japan, Lexumbourg, Malaysia, The netherland, 
Russia, Singapore, Switzerland: Harwood Academic Publishers; 2009:41-92. 
4.  Belmonte C, Garcia-Hirschfeld J, Gallar J. Neurobiology of ocular pain. Progress in Retinal and 
Eye Research. 1997;16:117-156. 
5.  Muller LJ, Vrensen GF, Pels L, Cardozo BN, Willekens B. Architecture of human corneal nerves. 
Invest Ophthalmol Vis Sci. 1997;38:985-994. 
6.  Lawrenson JG, Ruskell GL. The structure of corpuscular nerve endings in the limbal conjunctiva 
of the human eye. J Anat. 1991;177:75-84. 
7.  Belmonte C, Giraldez F. Responses of cat corneal sensory receptors to mechanical and thermal 
stimulation. J Physiol. 1981;321:355-368. 
8.  Belmonte C, Gallar J, Pozo MA, Rebollo I. Excitation by irritant chemical substances of sensory 
afferent units in the cat's cornea. J Physiol. 1991;437:709-725. 
9.  MacIver MB, Tanelian DL. Structural and functional specialization of A delta and C fiber free 
nerve endings innervating rabbit corneal epithelium. J Neurosci. 1993;13:4511-4524. 
10. MacIver MB, Tanelian DL. Free nerve ending terminal morphology is fiber type specific for A 
delta and C fibers innervating rabbit corneal epithelium. J Neurophysiol. 1993;69:1779-1783. 
11. Tanelian DL, Beuerman RW. Responses of rabbit corneal nociceptors to mechanical and thermal 
stimulation. Exp Neurol. 1984;84:165-178. 
12. Gallar J, Pozo MA, Tuckett RP, Belmonte C. Response of sensory units with unmyelinated fibres 
to mechanical, thermal and chemical stimulation of the cat's cornea. J Physiol. 1993;468:609-622. 
13. Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp 
Eye Res. 2004;78:513-525. 
 
 143 
14. Murphy PJ, Patel S, Morgan PB, Marshall J. The minimum stimulus energy required to produce a 
cooling sensation in the human cornea. Ophthalmic Physiol Opt. 2001;21:407-410. 
15. Perl ER. Ideas about pain, a historical view. Nat Rev Neurosci. 2007;8:71-80. 
16. Acosta MC, Belmonte C, Gallar J. Sensory experiences in humans and single-unit activity in cats 
evoked by polymodal stimulation of the cornea. J Physiol. 2001;534:511-525. 
17. Belmonte C, Acosta MC, Schmelz M, Gallar J. Measurement of corneal sensitivity to mechanical 
and chemical stimulation with a CO2 esthesiometer. Invest Ophthalmol Vis Sci. 1999;40:513-519. 
18. Beuerman RW, Tanelian DL. Corneal pain evoked by thermal stimulation. Pain. 1979;7:1-14. 
19. Chen X, Gallar J, Pozo MA, Baeza M, Belmonte C. CO2 stimulation of the cornea: a comparison 
between human sensation and nerve activity in polymodal nociceptive afferents of the cat. Eur J 
Neurosci. 1995;7:1154-1163. 
20. Feng Y, Simpson TL. Nociceptive sensation and sensitivity evoked from human cornea and 
conjunctiva stimulated by CO2. Invest Ophthalmol Vis Sci. 2003;44:529-532. 
21. Gescheider GA. Psychophysics: the fundamentals. Third ed. Mahwah, New Jersey; London: 
Lawrence Erlbaum Associates; 2004. 
22. Gescheider GA. Psychophysical Scaling. Annual Review of Psychology. 1988;39:169-200. 
23. Stevens SS. To Honor Fechner and Repeal His Law - A Power Function, Not A Log Function, 
Describes Operating Characteristic of A Sensory System. Science. 1961;133:80-86. 
24. Feng Y, Simpson TL. The inhibitory interaction between human corneal and conjunctival sensory 
channels. Invest Ophthalmol Vis Sci. 2005;46:1251-1255. 
25. Millodot M. Psychophysical scaling of corneal sensitivity. Psychonomic science. 2009;12:401-
402. 
26. Murphy PJ, Armstrong E, Woods LA. A comparison of corneal and conjunctival sensitivity to a 
thermally cooling stimulus. Adv Exp Med Biol. 2002;506:719-722. 
27. Stapleton F, Tan M, Papas E, et al. Corneal and conjunctival sensitivity to air stimuli. Br J 
Ophthalmol. 2004;88:1547-1551. 
28. Situ P, Simpson TL, Fonn D. Eccentric variation of corneal sensitivity to pneumatic stimulation at 
different temperatures and with CO2. Experimental Eye Research. 2007;85:400-405. 
 
 144 
29. du Toit R, Vega JA, Fonn D, Simpson T. Diurnal variation of corneal sensitivity and thickness. 
Cornea. 2003;22:205-209. 
30. Connor CE, Hsiao SS, Phillips JR, Johnson KO. Tactile roughness: neural codes that account for 
psychophysical magnitude estimates. J Neurosci. 1990;10:3823-3836. 
31. Acosta MC, Tan ME, Belmonte C, Gallar J. Sensations evoked by selective mechanical, chemical, 
and thermal stimulation of the conjunctiva and cornea. Invest Ophthalmol Vis Sci. 2001;42:2063-
2067. 
32. Feng Y, Simpson TL. Characteristics of human corneal psychophysical channels. Invest 
Ophthalmol Vis Sci. 2004;45:3005-3010. 
33. Bolanowski SJ, Jr., Gescheider GA, Verrillo RT, Checkosky CM. Four channels mediate the 
mechanical aspects of touch. J Acoust Soc Am. 1988;84:1680-1694. 
34. Regan D. Basic research. In:  Human brain electrophysiology : evoked potentials and evoked 
magnetic fields in science and medicine New York: Elsevier; 1989:167-481. 
35. Pozo MA, Gallego R, Gallar J, Belmonte C. Blockade by calcium antagonists of chemical 
excitation and sensitization of polymodal nociceptors in the cat's cornea. The Journal of 
Physiology. 1992;450:179-189. 
36. Buck SH, Walsh JH, Davis TP, Brown MR, Yamamura HI, Burks TF. Characterization of the 
peptide and sensory neurotoxic effects of capsaicin in the guinea pig. J Neurosci. 1983;3:2064-
2074. 
37. Belmonte C, Viana F. Molecular and cellular limits to somatosensory specificity. Mol Pain. 
2008;4:14. 
38. Belmonte C, Tervo T. Pain in and around the eye. In: McMahon S, Koltzenburg M (eds), Wall 
and Melzack's Textbook of Pain. 5th ed. London: Elsevier Science; 2005:887-901. 
39. Hirata H, Takeshita S, Hu JW, Bereiter DA. Cornea-responsive medullary dorsal horn neurons: 
modulation by local opioids and projections to thalamus and brain stem. J Neurophysiol. 
2000;84:1050-1061. 
40. Patel DV, McGhee CN. Mapping of the normal human corneal sub-Basal nerve plexus by in vivo 
laser scanning confocal microscopy. Invest Ophthalmol Vis Sci. 2005;46:4485-4488. 
 
 145 
41. Marfurt CF, Cox J, Deek S, Dvorscak L. Anatomy of the human corneal innervation. 
Experimental Eye Research;In Press, Uncorrected Proof. 
42. Patel DV, Tavakoli M, Craig JP, Efron N, McGhee CN. Corneal sensitivity and slit scanning in 
vivo confocal microscopy of the subbasal nerve plexus of the normal central and peripheral human 
cornea. Cornea. 2009;28:735-740. 
43. Boberg-Ans J. Experience in clinical examination of corneal sensitivity; corneal sensitivity and 
the naso-lacrimal reflex after retrobulbar anaesthesia. Br J Ophthalmol. 1955;39:705-726. 
44. Draeger J. Corneal sensitivity : measurement and clinical importance /: Wien : Springer-Verlag; 
1984:1-155. 
45. Millodot M, Larson W. New measurements of corneal sensitivity: a preliminary report. Am J 
Optom Arch Am Acad Optom. 1969;46:261-265. 
46. Handwerker HO, Kobal G. Psychophysiology of experimentally induced pain. Physiol Rev. 
1993;73:639-671. 
47. Kakigi R, Inui K, Tamura Y. Electrophysiological studies on human pain perception. Clinical 
Neurophysiology. 2005;116:743-763. 
48. Bron AJ. Introduction. Surv Ophthalmol. 2001;45:S197. 
49. Ambrosio R, Jr., Tervo T, Wilson SE. LASIK-associated dry eye and neurotrophic epitheliopathy: 
pathophysiology and strategies for prevention and treatment. J Refract Surg. 2008;24:396-407. 
50. Ang RT, Dartt DA, Tsubota K. Dry eye after refractive surgery. Current Opinion in 
Ophthalmology. 2001;12:318-322. 
51. Begley CG, Caffery B, Nichols K, Mitchell GL, Chalmers R. Results of a dry eye questionnaire 
from optometric practices in North America. Adv Exp Med Biol. 2002;506:1009-1016. 
52. Doughty MJ, Fonn D, Richter D, Simpson T, Caffery B, Gordon K. A patient questionnaire 
approach to estimating the prevalence of dry eye symptoms in patients presenting to optometric 
practices across Canada. Optom Vis Sci. 1997;74:624-631. 
53. Nichols JJ, Mitchell GL, Nichols KK, Chalmers R, Begley C. The performance of the contact lens 




54. Nichols JJ, Ziegler C, Mitchell GL, Nichols KK. Self-reported dry eye disease across refractive 
modalities. Invest Ophthalmol Vis Sci. 2005;46:1911-1914. 
55. Caffery BE, Richter D, Simpson T, Fonn D, Doughty M, Gordon K. CANDEES. The Canadian 
Dry Eye Epidemiology Study. Adv Exp Med Biol. 1998;438:805-806. 
56. Moss SE, Klein R, Klein BE. Prevalence of and risk factors for dry eye syndrome. Arch 
Ophthalmol. 2000;118:1264-1268. 
57. Schein OD, Munoz B, Tielsch JM, Bandeen-Roche K, West S. Prevalence of dry eye among the 
elderly. Am J Ophthalmol. 1997;124:723-728. 
58. Mertzanis P, Abetz L, Rajagopalan K, et al. The relative burden of dry eye in patients' lives: 
comparisons to a U.S. normative sample. Invest Ophthalmol Vis Sci. 2005;46:46-50. 
59. Reddy P, Grad O, Rajagopalan K. The economic burden of dry eye: a conceptual framework and 
preliminary assessment. Cornea. 2004;23:751-761. 
 
Chapter 5 
1.  Dartt DA. Neural regulation of lacrimal gland secretory processes: Relevance in dry eye diseases. 
Progress in Retinal and Eye Research. 2009;28:155-177. 
2.  Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. The pathology of dry eye: 
the interaction between the ocular surface and lacrimal glands. Cornea. 1998;17:584-589. 
3.  Stern ME, Gao J, Siemasko KF, Beuerman RW, Pflugfelder SC. The role of the lacrimal 
functional unit in the pathophysiology of dry eye. Exp Eye Res. 2004;78:409-416. 
4.  Dartt DA. Regulation of mucin and fluid secretion by conjunctival epithelial cells. Prog Retin Eye 
Res. 2002;21:555-576. 
5.  Beuerman RW, Mircheff A, Pflugfelder SC, Stern ME. The lacrimal functional unit. In: 
Pflugfelder SC, Beuerman RW, Stern ME (eds), Dry eye and ocular surface disorders New York,  
Basel: Marcel Dekker, Inc.; 2004:11-39. 




7.  Lemp MA, Baudouin C, Baum J, et al. The definition and classification of dry eye disease: Report 
of the Definition and Classification Subcommittee of the International Dry Eye WorkShop (2007). 
Ocul Surf. 2007;5:75-92. 
8.  Pflugfelder SC, Solomon A, Stern ME. The diagnosis and management of dry eye: a twenty-five-
year review. Cornea. 2000;19:644-649. 
9.  Walcott B. The Lacrimal Gland and Its Veil of Tears. News in Physiological Sciences. 
1998;13:97-103. 
10. Belmonte C, Garcia-Hirschfeld J, Gallar J. Neurobiology of ocular pain. Progress in Retinal and 
Eye Research. 1997;16:117-156. 
11. Muller LJ, Marfurt CF, Kruse F, Tervo TM. Corneal nerves: structure, contents and function. Exp 
Eye Res. 2003;76:521-542. 
12. Rozsa AJ, Beuerman RW. Density and organization of free nerve endings in the corneal 
epithelium of the rabbit. Pain. 1982;14:105-120. 
13. Chan-Ling T. Sensitivity and neural organization of the cat cornea. Invest Ophthalmol Vis Sci. 
1989;30:1075-1082. 
14. Marfurt CF, Murphy CJ, Florczak JL. Morphology and neurochemistry of canine corneal 
innervation. Invest Ophthalmol Vis Sci. 2001;42:2242-2251. 
15. Muller LJ, Vrensen GF, Pels L, Cardozo BN, Willekens B. Architecture of human corneal nerves. 
Invest Ophthalmol Vis Sci. 1997;38:985-994. 
16. Lawrenson JG, Ruskell GL. The structure of corpuscular nerve endings in the limbal conjunctiva 
of the human eye. J Anat. 1991;177:75-84. 
17. Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp 
Eye Res. 2004;78:513-525. 
18. MacIver MB, Tanelian DL. Structural and functional specialization of A delta and C fiber free 
nerve endings innervating rabbit corneal epithelium. J Neurosci. 1993;13:4511-4524. 
19. Acosta MC, Peral A, Luna C, Pintor J, Belmonte C, Gallar J. Tear secretion induced by selective 




20. Situ P, Simpson TL, Fonn D. Eccentric variation of corneal sensitivity to pneumatic stimulation at 
different temperatures and with CO2. Experimental Eye Research. 2007;85:400-405. 
21. Bitton E, Keech A, Simpson T, Jones L. Variability of the analysis of the tear meniscus height by 
optical coherence tomography. Optom Vis Sci. 2007;84:903-908. 
22. Belmonte C, Acosta MC, Schmelz M, Gallar J. Measurement of corneal sensitivity to mechanical 
and chemical stimulation with a CO2 esthesiometer. Invest Ophthalmol Vis Sci. 1999;40:513-519. 
23. Feng Y, Simpson TL. Nociceptive sensation and sensitivity evoked from human cornea and 
conjunctiva stimulated by CO2. Invest Ophthalmol Vis Sci. 2003;44:529-532. 
24. du Toit R, Vega JA, Fonn D, Simpson T. Diurnal variation of corneal sensitivity and thickness. 
Cornea. 2003;22:205-209. 
25. Acosta MC, Belmonte C, Gallar J. Sensory experiences in humans and single-unit activity in cats 
evoked by polymodal stimulation of the cornea. J Physiol. 2001;534:511-525. 
26. Chen X, Gallar J, Pozo MA, Baeza M, Belmonte C. CO2 stimulation of the cornea: a comparison 
between human sensation and nerve activity in polymodal nociceptive afferents of the cat. Eur J 
Neurosci. 1995;7:1154-1163. 
27. Belmonte C, Tervo T. Pain in and around the eye. In: McMahon S, Koltzenburg M (eds), Wall 
and Melzack's Textbook of Pain. 5th ed. London: Elsevier Science; 2005:887-901. 
28. Marfurt CF, Del Toro DR. Corneal sensory pathway in the rat: a horseradish peroxidase tracing 
study. J Comp Neurol. 1987;261:450-459. 
29. Meng ID, Bereiter DA. Differential distribution of Fos-like immunoreactivity in the spinal 
trigeminal nucleus after noxious and innocuous thermal and chemical stimulation of rat cornea. 
Neuroscience. 1996;72:243-254. 
30. Bereiter DA, Hirata H, Hu JW. Trigeminal subnucleus caudalis: beyond homologies with the 
spinal dorsal horn. Pain. 2000;88:221-224. 
31. Hirata H, Okamoto K, Bereiter DA. GABA(A) receptor activation modulates corneal unit activity 




32. Hirata H, Takeshita S, Hu JW, Bereiter DA. Cornea-responsive medullary dorsal horn neurons: 
modulation by local opioids and projections to thalamus and brain stem. J Neurophysiol. 
2000;84:1050-1061. 
33. Meng ID, Hu JW, Bereiter DA. Differential effects of morphine on corneal-responsive neurons in 
rostral versus caudal regions of spinal trigeminal nucleus in the rat. J Neurophysiol. 1998;79:2593-
2602. 
34. Hirata H, Okamoto K, Tashiro A, Bereiter DA. A Novel Class of Neurons at the Trigeminal 
Subnucleus Interpolaris/Caudalis Transition Region Monitors Ocular Surface Fluid Status and 
Modulates Tear Production. J Neurosci. 2004;24:4224-4232. 
35. Stapleton F, Tan M, Papas E, et al. Corneal and conjunctival sensitivity to air stimuli. Br J 
Ophthalmol. 2004;88:1547-1551. 
36. Murphy PJ, Armstrong E, Woods LA. A comparison of corneal and conjunctival sensitivity to a 




1.  Lemp MA, Baudouin C, Baum J, et al. The definition and classification of dry eye disease: Report 
of the Definition and Classification Subcommittee of the International Dry Eye WorkShop (2007). 
Ocul Surf. 2007;5:75-92. 
2.  Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. The pathology of dry eye: 
the interaction between the ocular surface and lacrimal glands. Cornea. 1998;17:584-589. 
3.  Stern ME, Gao J, Siemasko KF, Beuerman RW, Pflugfelder SC. The role of the lacrimal 
functional unit in the pathophysiology of dry eye. Exp Eye Res. 2004;78:409-416. 
4.  Dartt DA. Control of mucin production by ocular surface epithelial cells. Exp Eye Res. 
2004;78:173-185. 
5.  Dartt DA. Interaction of EGF family growth factors and neurotransmitters in regulating lacrimal 
gland secretion. Exp Eye Res. 2004;78:337-345. 
 
 150 
6.  Beuerman RW, Mircheff A, Pflugfelder SC, Stern ME. The lacrimal functional unit. In: 
Pflugfelder SC, Beuerman RW, Stern ME (eds), Dry eye and ocular surface disorders New York,  
Basel: Marcel Dekker, Inc.; 2004:11-39. 
7.  Mathers WD. Why the eye becomes dry: a cornea and lacrimal gland feedback model. CLAO J. 
2000;26:159-165. 
8.  Rolando M, Zierhut M. The ocular surface and tear film and their dysfunction in dry eye disease. 
Surv Ophthalmol. 2001;45 Suppl 2:S203-S210. 
9.  Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp Eye 
Res. 2004;78:513-525. 
10. Belmonte C, Tervo T. Pain in and around the eye. In: McMahon S, Koltzenburg M (eds), Wall 
and Melzack's Textbook of Pain. 5th ed. London: Elsevier Science; 2005:887-901. 
11. Belmonte C. Eye Dryness Sensations After Refractive Surgery: Impaired Tear Secretion or 
"Phantom" Cornea? Journal of Refractive Surgery. 2007;23:598-602. 
12. Benitez-del-Castillo JM, Acosta MC, Wassfi MA, et al. Relation between Corneal Innervation 
with Confocal Microscopy and Corneal Sensitivity with Noncontact Esthesiometry in Patients 
with Dry Eye. Invest Ophthalmol Vis Sci. 2007;48:173-181. 
13. Bourcier T, Acosta MC, Borderie V, et al. Decreased Corneal Sensitivity in Patients with Dry 
Eye. Invest Ophthalmol Vis Sci. 2005;46:2341-2345. 
14. de Paiva CS, Pflugfelder SC. Corneal epitheliopathy of dry eye induces hyperesthesia to 
mechanical air jet stimulation. Am J Ophthalmol. 2004;137:109-115. 
15. Pflugfelder SC, Tseng SC, Sanabria O, et al. Evaluation of subjective assessments and objective 
diagnostic tests for diagnosing tear-film disorders known to cause ocular irritation. Cornea. 
1998;17:38-56. 
16. Xu KP, Yagi Y, Tsubota K. Decrease in corneal sensitivity and change in tear function in dry eye. 
Cornea. 1996;15:235-239. 
17. Schiffman RM, Christianson MD, Jacobsen G, Hirsch JD, Reis BL. Reliability and validity of the 
Ocular Surface Disease Index. Arch Ophthalmol. 2000;118:615-621. 
 
 151 
18. Bron AJ, Evans VE, Smith JA. Grading of corneal and conjunctival staining in the context of 
other dry eye tests. Cornea. 2003;22:640-650. 
19. Belmonte C, Acosta MC, Schmelz M, Gallar J. Measurement of corneal sensitivity to mechanical 
and chemical stimulation with a CO2 esthesiometer. Invest Ophthalmol Vis Sci. 1999;40:513-519. 
20. Situ P, Simpson TL, Fonn D. Eccentric variation of corneal sensitivity to pneumatic stimulation at 
different temperatures and with CO2. Exp Eye Res. 2007;85:400-405. 
21. du Toit R, Vega JA, Fonn D, Simpson T. Diurnal variation of corneal sensitivity and thickness. 
Cornea. 2003;22:205-209. 
22. Feng Y, Simpson TL. Characteristics of human corneal psychophysical channels. Invest 
Ophthalmol Vis Sci. 2004;45:3005-3010. 
23. Murphy PJ, Morgan PB, Patel S, Marshall J. Corneal surface temperature change as the mode of 
stimulation of the non-contact corneal aesthesiometer. Cornea. 1999;18:333-342. 
24. Murphy PJ, Patel S, Morgan PB, Marshall J. The minimum stimulus energy required to produce a 
cooling sensation in the human cornea. Ophthalmic Physiol Opt. 2001;21:407-410. 
25. Murphy PJ, Armstrong E, Woods LA. A comparison of corneal and conjunctival sensitivity to a 
thermally cooling stimulus. Adv Exp Med Biol. 2002;506:719-722. 
26. Stapleton F, Tan M, Papas E, et al. Corneal and conjunctival sensitivity to air stimuli. Br J 
Ophthalmol. 2004;88:1547-1551. 
27. Vega JA, Simpson TL, Fonn D. A noncontact pneumatic esthesiometer for measurement of ocular 
sensitivity: a preliminary report. Cornea. 1999;18:675-681. 
28. Gescheider GA. Psychophysics: the fundamentals. Third ed. Mahwah, New Jersey; London: 
Lawrence Erlbaum Associates; 2004:45-72. 
29. Slinker BK, Glantz SA. Multiple regression for physiological data analysis: the problem of 
multicollinearity. The American Journal of Physiology-Regulatory, Integrative and Comparative 
Physiology. 1985;249:1-12. 
30. Bron AJ, Bron AJ, Abelson MB, et al. Methodologies to diagnose and monitor dry eye disease: 
Report of the Diagnostic Methodology Subcommittee of the International Dry Eye WorkShop 
(2007). Ocul Surf. 2007;5:108-152. 
 
 152 
31. Dartt DA. Regulation of mucin and fluid secretion by conjunctival epithelial cells. Prog Retin Eye 
Res. 2002;21:555-576. 
32. Bron AJ, Tiffany JM, Gouveia SM, Yokoi N, Voon LW. Functional aspects of the tear film lipid 
layer. Exp Eye Res. 2004;78:347-360. 
33. Belmonte C, Garcia-Hirschfeld J, Gallar J. Neurobiology of ocular pain. Progress in Retinal and 
Eye Research. 1997;16:117-156. 
34. Cervero F, Laird JMA. One Pain or Many Pains? News Physiol Sci. 1991;6:268-273. 
35. Pflugfelder SC, Solomon A, Dursun D, Li DQ. Dry eye and delayed tear clearance: "a call to 
arms.". Adv Exp Med Biol. 2002;506:739-743. 
36. Ferreira SH, Lorenzetti BB, Bristow AF, Poole S. Interleukin-1 beta as a potent hyperalgesic 
agent antagonized by a tripeptide analogue. Nature. 1988;334:698-700. 
37. Richardson JD, Vasko MR. Cellular Mechanisms of Neurogenic Inflammation. J Pharmacol Exp 
Ther. 2002;302:839-845. 
38. Julius D, McCleskey EW. Cellular and molecular properties of primary afferent neurons. In: 
McMahon S, Koltzenburg M (eds), Wall and Melzack's Textbook of pain. 5th ed. London: Elsevier 
Science; 2005:35-48. 
39. Devor M. Sodium Channels and Mechanisms of Neuropathic Pain. J Pain. 2006;7 Suppl 1:S3-
S12. 
40. Amir R, Argoff CE, Bennett GJ, et al. The role of sodium channels in chronic inflammatory and 
neuropathic pain. J Pain. 2006;7 Suppl 3:S1-S29. 
41. Rizzo MA, Kocsis JD, Waxman SG. Mechanisms of paresthesiae, dysesthesiae, and 
hyperesthesiae: role of Na+ channel heterogeneity. Eur Neurol. 1996;36:3-12. 
42. Adatia FA, Michaeli-Cohen A, Naor J, Caffery B, Bookman A, Slomovic AR. Correlation 
between corneal sensitivity, subjective dry eye symptoms and corneal staining in Sjogren 
syndrome. Can J Ophthalmol. 2004;39:767-771. 
43. Lin PY, Cheng CY, Hsu WM, et al. Association between Symptoms and Signs of Dry Eye among 




44. Nichols KK, Nichols JJ, Mitchell GL. The lack of association between signs and symptoms in 
patients with dry eye disease. Cornea. 2004;23:762-770. 
45. Schein OD, Tielsch JM, Munoz B, Bandeen-Roche K, West S. Relation between signs and 




1.  Lemp MA, Baudouin C, Baum J, Dogru M, Foulks GN, Kinoshita S et al. The definition and 
classification of dry eye disease: Report of the Definition and Classification Subcommittee of the 
International Dry Eye WorkShop (2007). Ocul Surf 2007;5:75-92. 
2.  Lee AJ, Lee J, Saw SM, Gazzard G, Koh D, Widjaja D et al. Prevalence and risk factors 
associated with dry eye symptoms: a population based study in Indonesia. Br J Ophthalmol 
2002;86:1347-51. 
3.  McCarty CA, Bansal AK, Livingston PM, Stanislavsky YL, Taylor HR. The epidemiology of dry 
eye in Melbourne, Australia. Ophthalmology 1998;105:1114-9. 
4.  Moss SE, Klein R, Klein BE. Prevalence of and risk factors for dry eye syndrome. Arch 
Ophthalmol 2000;118:1264-8. 
5.  Beuerman RW, Mircheff A, Pflugfelder SC, Stern ME. The lacrimal functional unit. In: 
Pflugfelder SC, Beuerman RW, Stern ME, editors. Dry eye and ocular surface disorders. New 
York, Basel: Marcel Dekker, Inc.; 2004. p. 11-39. 
6.  Dartt DA. Regulation of mucin and fluid secretion by conjunctival epithelial cells. Prog Retin Eye 
Res 2002;21:555-76. 
7.  Mathers WD. Why the eye becomes dry: a cornea and lacrimal gland feedback model. CLAO J 
2000;26:159-65. 
8.  Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. The pathology of dry eye: 
the interaction between the ocular surface and lacrimal glands. Cornea 1998;17:584-9. 
9.  Stern ME, Gao J, Siemasko KF, Beuerman RW, Pflugfelder SC. The role of the lacrimal 
functional unit in the pathophysiology of dry eye. Exp Eye Res 2004;78:409-16. 
 
 154 
10. Baudouin C. The pathology of dry eye. Surv Ophthalmol 2001;45 Suppl 2:S211-S220. 
11. Rolando M, Zierhut M. The ocular surface and tear film and their dysfunction in dry eye disease. 
Surv Ophthalmol 2001;45 Suppl 2:S203-S210. 
12. Muller LJ, Vrensen GF, Pels L, Cardozo BN, Willekens B. Architecture of human corneal nerves. 
Invest Ophthalmol Vis Sci 1997;38:985-94. 
13. Lawrenson JG, Ruskell GL. The structure of corpuscular nerve endings in the limbal conjunctiva 
of the human eye. J Anat 1991;177:75-84. 
14. Belmonte C, Garcia-Hirschfeld J, Gallar J. Neurobiology of ocular pain. Progress in Retinal and 
Eye Research 1997;16:117-56. 
15. Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp 
Eye Res 2004;78:513-25. 
16. MacIver MB, Tanelian DL. Structural and functional specialization of A delta and C fiber free 
nerve endings innervating rabbit corneal epithelium. J Neurosci 1993;13:4511-24. 
17. MacIver MB, Tanelian DL. Free nerve ending terminal morphology is fiber type specific for A 
delta and C fibers innervating rabbit corneal epithelium. J Neurophysiol 1993;69:1779-83. 
18. Murphy PJ, Patel S, Morgan PB, Marshall J. The minimum stimulus energy required to produce a 
cooling sensation in the human cornea. Ophthalmic Physiol Opt 2001;21:407-10. 
19. Belmonte C, Acosta MC, Schmelz M, Gallar J. Measurement of corneal sensitivity to mechanical 
and chemical stimulation with a CO2 esthesiometer. Invest Ophthalmol Vis Sci 1999;40:513-9. 
20. Murphy PJ, Patel S, Marshall J. A new non-contact corneal aesthesiometer (NCCA). Ophthalmic 
Physiol Opt 1996;16:101-7. 
21. Vega JA, Simpson TL, Fonn D. A noncontact pneumatic esthesiometer for measurement of ocular 
sensitivity: a preliminary report. Cornea 1999;18:675-81. 
22. Adatia FA, Michaeli-Cohen A, Naor J, Caffery B, Bookman A, Slomovic AR. Correlation 
between corneal sensitivity, subjective dry eye symptoms and corneal staining in Sjogren 
syndrome. Can J Ophthalmol 2004;39:767-71. 
 
 155 
23. Benitez-del-Castillo JM, Acosta MC, Wassfi MA, Diaz-Valle D, Gegundez JA, Fernandez C et al. 
Relation between Corneal Innervation with Confocal Microscopy and Corneal Sensitivity with 
Noncontact Esthesiometry in Patients with Dry Eye. Invest Ophthalmol Vis Sci 2007;48:173-81. 
24. Bourcier T, Acosta MC, Borderie V, Borras F, Gallar J, Bury T et al. Decreased Corneal 
Sensitivity in Patients with Dry Eye. Invest Ophthalmol Vis Sci 2005;46:2341-5. 
25. de Paiva CS, Pflugfelder SC. Corneal epitheliopathy of dry eye induces hyperesthesia to 
mechanical air jet stimulation. Am J Ophthalmol 2004;137:109-15. 
26. Pflugfelder SC, Tseng SC, Sanabria O, Kell H, Garcia CG, Felix C et al. Evaluation of subjective 
assessments and objective diagnostic tests for diagnosing tear-film disorders known to cause 
ocular irritation. Cornea 1998;17:38-56. 
27. Xu KP, Yagi Y, Tsubota K. Decrease in corneal sensitivity and change in tear function in dry eye. 
Cornea 1996;15:235-9. 
28. Bron AJ, Evans VE, Smith JA. Grading of corneal and conjunctival staining in the context of 
other dry eye tests. Cornea 2003;22:640-50. 
29. Simmons PA, Vehige JG, Carlisle C, Felix C. Comparison of dry eye signs in self-described mild 
and moderate patients. Invest Ophthalmol Vis Sci 2003;44:ARVO E-Abstract 2448. 
30. Situ P, Simpson TL, Fonn D. Eccentric variation of corneal sensitivity to pneumatic stimulation at 
different temperatures and with CO2. Exp Eye Res 2007;85:400-5. 
31. du Toit R, Vega JA, Fonn D, Simpson T. Diurnal variation of corneal sensitivity and thickness. 
Cornea 2003;22:205-9. 
32. Feng Y, Simpson TL. Characteristics of human corneal psychophysical channels. Invest 
Ophthalmol Vis Sci 2004;45:3005-10. 
33. Murphy PJ, Lawrenson JG, Patel S, Marshall J. Reliability of the non-contact corneal 
aesthesiometer and its comparison with the Cochet-Bonnet aesthesiometer. Ophthalmic Physiol 
Opt 1998;18:532-9. 
34. Murphy PJ, Morgan PB, Patel S, Marshall J. Corneal surface temperature change as the mode of 
stimulation of the non-contact corneal aesthesiometer. Cornea 1999;18:333-42. 
 
 156 
35. Gescheider GA. Psychophysics: the fundamentals. Mahwah, New Jersey; London: Lawrence 
Erlbaum Associates; 2004. 
36. Stapleton F, Tan M, Papas E, Ehrmann K, Golebiowski B, Vega J et al. Corneal and conjunctival 
sensitivity to air stimuli. Br J Ophthalmol 2004;88:1547-51. 
37. Dartt DA. Regulation of lacrimal gland secretion by neurotransmitters and the EGF family of 
growth factors. Exp Eye Res 2001;73:741-52. 
38. Dartt DA. Interaction of EGF family growth factors and neurotransmitters in regulating lacrimal 
gland secretion. Exp Eye Res 2004;78:337-45. 
39. Garcia-Hirschfeld J, Lopez-Briones LG, Belmonte C. Neurotrophic influences on corneal 
epithelial cells. Exp Eye Res 1994;59:597-605. 
40. Wilson SE, Netto M, Ambrosio R, Jr. Corneal cells: chatty in development, homeostasis, wound 
healing, and disease. Am J Ophthalmol 2003;136:530-6. 
41. Belmonte C, Gallar J, Lopez-Briones L, Pozo MA. Polymodality in nociceptive neurons: 
experimental models of chemotransduction. In: Urban L, editor. Cellular Mechanisms of Sensory 
Processing: The Somatosensory System. Berlin: Springer; 1994. p. 87-117. 
42. Pflugfelder SC, Solomon A, Dursun D, Li DQ. Dry eye and delayed tear clearance: "a call to 
arms.". Adv Exp Med Biol 2002;506:739-43. 
43. Ferreira SH, Lorenzetti BB, Bristow AF, Poole S. Interleukin-1 beta as a potent hyperalgesic 
agent antagonized by a tripeptide analogue. Nature 1988;334:698-700. 
44. Bron AJ, Tripathi RC, Tripathi BJ. Wolff's Anatomy of the Eye and Orbit. London, Weinheim, 
New York, Tokyo, Melbourne, Madras: Chapman & Hall Medical; 1997. p. 233-78. 
45. Dartt DA. Control of mucin production by ocular surface epithelial cells. Exp Eye Res 
2004;78:173-85. 
46. Begley CG, Caffery B, Chalmers RL, Mitchell GL. Use of the dry eye questionnaire to measure 
symptoms of ocular irritation in patients with aqueous tear deficient dry eye. Cornea 2002;21:664-
70. 
47. Schiffman RM, Christianson MD, Jacobsen G, Hirsch JD, Reis BL. Reliability and validity of the 
Ocular Surface Disease Index. Arch Ophthalmol 2000;118:615-21. 
 
 157 
48. Draeger J. Corneal sensitivity : measurement and clinical importance /. Wien : Springer-Verlag; 
1984. p. 1-155. 
49. Millodot M. The influence of age onthe sensitivity of the cornea. Invest Ophthalmol Vis Sci 
1977;16:240-2. 
50. Acosta MC, Tan ME, Belmonte C, Gallar J. Sensations evoked by selective mechanical, chemical, 
and thermal stimulation of the conjunctiva and cornea. Invest Ophthalmol Vis Sci 2001;42:2063-
7. 
51. Murphy PJ, Armstrong E, Woods LA. A comparison of corneal and conjunctival sensitivity to a 
thermally cooling stimulus. Adv Exp Med Biol 2002;506:719-22. 
 
Chapter 7 
1.  Ladage PM, Ren DH, Petroll WM, Jester JV, Bergmanson JP, Cavanagh HD. Effects of eyelid 
closure and disposable and silicone hydrogel extended contact lens wear on rabbit corneal 
epithelial proliferation. Invest Ophthalmol Vis Sci. 2003;44:1843-1849. 
2.  Stapleton F, Stretton S, Papas E, Skotnitsky C, Sweeney DF. Silicone hydrogel contact lenses and 
the ocular surface. Ocul Surf. 2006;4:24-43. 
3.  Muller LJ, Vrensen GF, Pels L, Cardozo BN, Willekens B. Architecture of human corneal nerves. 
Invest Ophthalmol Vis Sci. 1997;38:985-994. 
4.  Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp Eye 
Res. 2004;78:513-525. 
5.  Stern ME, Gao J, Siemasko KF, Beuerman RW, Pflugfelder SC. The role of the lacrimal 
functional unit in the pathophysiology of dry eye. Exp Eye Res. 2004;78:409-416. 
6.  Beuerman RW, Mircheff A, Pflugfelder SC, Stern ME. The lacrimal functional unit. In: 
Pflugfelder SC, Beuerman RW, Stern ME (eds), Dry eye and ocular surface disorders New York,  
Basel: Marcel Dekker, Inc.; 2004:11-39. 
7.  Brennan NA, Bruce AS. Esthesiometry as an indicator of corneal health. Optom Vis Sci. 
1991;68:699-702. 
8.  Martin XY, Safran AB. Corneal hypoesthesia. Surv Ophthalmol. 1988;33:28-40. 
 
 158 
9.  Millodot M. A review of research on the sensitivity of the cornea. Ophthalmic Physiol Opt. 
1984;4:305-318. 
10. Millodot M, Larson W. New measurements of corneal sensitivity: a preliminary report. Am J 
Optom Arch Am Acad Optom. 1969;46:261-265. 
11. Cochet P, Bonnet R. [Corneal esthesiometry. Performance and practical importance]. Bull Soc 
Ophtalmol Fr. 1961;6:541-550. 
12. Belmonte C, Acosta MC, Schmelz M, Gallar J. Measurement of corneal sensitivity to mechanical 
and chemical stimulation with a CO2 esthesiometer. Invest Ophthalmol Vis Sci. 1999;40:513-519. 
13. Murphy PJ, Patel S, Marshall J. A new non-contact corneal aesthesiometer (NCCA). Ophthalmic 
Physiol Opt. 1996;16:101-107. 
14. Vega JA, Simpson TL, Fonn D. A noncontact pneumatic esthesiometer for measurement of ocular 
sensitivity: a preliminary report. Cornea. 1999;18:675-681. 
15. Millodot M. Effect of soft lenses on corneal sensitivity. Acta Ophthalmol (Copenh). 1974;52:603-
608. 
16. Millodot M. Effect of hard contact lenses on corneal sensitivity and thickness. Acta Ophthalmol 
(Copenh). 1975;53:576-584. 
17. Millodot M. Effect of the length of wear of contact lenses on corneal sensitivity. Acta Ophthalmol 
(Copenh). 1976;54:721-730. 
18. Millodot M. Effect of long-term wear of hard contact lenses on corneal sensitivity. Arch 
Ophthalmol. 1978;96:1225-1227. 
19. Millodot M, Henson DB, O'Leary DJ. Measurement of corneal sensitivity and thickness with 
PMMA and gas-permeable contact lenses. Am J Optom Physiol Opt. 1979;56:628-632. 
20. Murphy PJ, Patel S, Marshall J. The effect of long-term, daily contact lens wear on corneal 
sensitivity. Cornea. 2001;20:264-269. 
21. Sanaty M, Temel A. Corneal sensitivity changes in long-term wearing of hard 
polymethylmethacrylate contact lenses. Ophthalmologica. 1998;212:328-330. 
22. Velasco MJ, Bermudez FJ, Romero J, Hita E. Variations in corneal sensitivity with hydrogel 
contact lenses. Acta Ophthalmol (Copenh). 1994;72:53-56. 
 
 159 
23. Epstein AB. Contact lens care products effect on corneal sensitivity and patient comfort. Eye 
Contact Lens. 2006;32:128-132. 
24. Millodot M, O'Leary DJ. Effect of oxygen deprivation on corneal sensitivity. Acta Ophthalmol 
(Copenh). 1980;58:434-439. 
25. Lowther GE, Hill RM. Sensitivity threshold of the lower lid margin in the course of adaptation to 
contact lenses. Am J Optom Arch Am Acad Optom. 1968;45:587-594. 
26. Polse KA. Etiology of corneal sensitivity changes accompanying contact lens wear. Invest 
Ophthalmol Vis Sci. 1978;17:1202-1206. 
27. Garofalo RJ, Dassanayake N, Carey C, Stein J, Stone R, David R. Corneal staining and subjective 
symptoms with multipurpose solutions as a function of time. Eye Contact Lens. 2005;31:166-174. 
28. Jones L, MacDougall N, Sorbara LG. Asymptomatic corneal staining associated with the use of 
balafilcon silicone-hydrogel contact lenses disinfected with a polyaminopropyl biguanide-
preserved care regimen. Optom Vis Sci. 2002;79:753-761. 
29. Stapleton F, Tan M, Papas E, et al. Corneal and conjunctival sensitivity to air stimuli. Br J 
Ophthalmol. 2004;88:1547-1551. 
30. Feng Y, Simpson TL. Nociceptive sensation and sensitivity evoked from human cornea and 
conjunctiva stimulated by CO2. Invest Ophthalmol Vis Sci. 2003;44:529-532. 
31. Nichols JJ, Sinnott LT. Tear film, contact lens, and patient-related factors associated with contact 
lens-related dry eye. Invest Ophthalmol Vis Sci. 2006;47:1319-1328. 
32. Ramamoorthy P, Nichols JJ. Mucins in contact lens wear and dry eye conditions. Optom Vis Sci. 
2008;85:631-642. 
33. Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. 
Nat Rev Neurosci. 2002;3:655-666. 
34. Dumbleton K. Adverse events with silicone hydrogel continuous wear. Cont Lens Anterior Eye. 
2002;25:137-146. 




36. Pisella PJ, Malet F, Lejeune S, et al. Ocular surface changes induced by contact lens wear. 
Cornea. 2001;20:820-825. 
37. Bron AJ, Tripathi RC, Tripathi BJ. Wolff's Anatomy of the Eye and Orbit. 8th ed. London, 
Weinheim, New York, Tokyo, Melbourne, Madras: Chapman & Hall Medical; 1997:233-278. 
38. Dartt DA. Regulation of mucin and fluid secretion by conjunctival epithelial cells. Prog Retin Eye 
Res. 2002;21:555-576. 
39. Dartt DA. Control of mucin production by ocular surface epithelial cells. Exp Eye Res. 
2004;78:173-185. 
40. Stern J, Wong R, Naduvilath TJ, Stretton S, Holden BA, Sweeney DF. Comparison of the 
performance of 6- or 30-night extended wear schedules with silicone hydrogel lenses over 3 years. 
Optom Vis Sci. 2004;81:398-406. 
41. Brennan NA, Coles MLC, Comstock TL, Levy B. A 1-year prospective clinical trial of balafilcon 
a (purevision) silicone-hydrogel contact lenses used on a 30-day continuous wear schedule. 
Ophthalmology. 2002;109:1172-1177. 
42. Fonn D, MacDonald KE, Richter D, Pritchard N. The ocular response to extended wear of a high 
Dk silicone hydrogel contact lens. Clin Exp Optom. 2002;85:176-182. 
43. Ohzawa I, Sclar G, Freeman RD. Contrast gain control in the cat visual cortex. Nature. 
1982;298:266-268. 
44. Shu ZJ, Swindale NV, Cynader MS. Spectral motion produces an auditory after-effect. Nature. 
1993;364:721-723. 
45. Wilson DA. Synaptic correlates of odor habituation in the rat anterior piriform cortex. J 
Neurophysiol. 1998;80:998-1001. 
46. Hellweg FC, Schultz W, Creutzfeldt OD. Extracellular and intracellular recordings from cat's 
cortical whisker projection area: thalamocortical response transformation. J Neurophysiol. 
1977;40:463-479. 
47. Ahissar E, Sosnik R, Haidarliu S. Transformation from temporal to rate coding in a 
somatosensory thalamocortical pathway. Nature. 2000;406:302. 
 
 161 
48. Fairhall AL, Lewen GD, Bialek W, de Ruyter van Steveninck R. Efficiency and ambiguity in an 
adaptive neural code. Nature. 2001;412:787. 
49. Abbott LF, Varela JA, Sen K, Nelson SB. Synaptic Depression and Cortical Gain Control. 
Science. 1997;275:221-224. 
50. Muller JR, Metha AB, Krauskopf J, Lennie P. Rapid Adaptation in Visual Cortex to the Structure 
of Images. Science. 1999;285:1405-1408. 
51. Greenlee MW, Georgeson MA, Magnussen S, Harris JP. The time course of adaptation to spatial 
contrast. Vision Res. 1991;31:223-236. 
52. Chung S, Li X, Nelson SB. Short-term depression at thalamocortical synapses contributes to rapid 
adaptation of cortical sensory responses in vivo. Neuron. 2002;34:437-446. 
53. MacIver MB, Tanelian DL. Structural and functional specialization of A delta and C fiber free 
nerve endings innervating rabbit corneal epithelium. J Neurosci. 1993;13:4511-4524. 
54. Perl ER, Kumazawa T, Lynn B, Kenins P. Sensitization of high threshold receptors with 
unmyelinated (C) afferent fibers. Prog Brain Res. 1976;43:263-277. 
55. Belmonte C, Tervo T. Pain in and around the eye. In: McMahon S, Koltzenburg M (eds), Wall 
and Melzack's Textbook of Pain. 5th ed. London: Elsevier Science; 2005:887-901. 
56. Noecker R. Effects of common ophthalmic preservatives on ocular health. Adv Ther. 
2001;18:205-215. 
57. Murphy PJ, Lawrenson JG, Patel S, Marshall J. Reliability of the non-contact corneal 
aesthesiometer and its comparison with the Cochet-Bonnet aesthesiometer. Ophthalmic Physiol 
Opt. 1998;18:532-539. 
58. Craig AD. Pain mechanisms: labeled lines versus convergence in central processing. Annu Rev 
Neurosci. 2003;26:1-30. 
59. Meng ID, Hu JW, Benetti AP, Bereiter DA. Encoding of corneal input in two distinct regions of 
the spinal trigeminal nucleus in the rat: cutaneous receptive field properties, responses to thermal 
and chemical stimulation, modulation by diffuse noxious inhibitory controls, and projections to 
the parabrachial area. J Neurophysiol. 1997;77:43-56. 
 
 162 
60. Hirata H, Takeshita S, Hu JW, Bereiter DA. Cornea-responsive medullary dorsal horn neurons: 
modulation by local opioids and projections to thalamus and brain stem. J Neurophysiol. 
2000;84:1050-1061. 
61. Hirata H, Hu JW, Bereiter DA. Responses of medullary dorsal horn neurons to corneal 
stimulation by CO(2) pulses in the rat. J Neurophysiol. 1999;82:2092-2107. 
 
Chapter 8 
1.  Boberg-Ans J. Experience in clinical examination of corneal sensitivity; corneal sensitivity and the 
naso-lacrimal reflex after retrobulbar anaesthesia. Br J Ophthalmol. 1955;39:705-726. 
2.  COCHET P, BONNET R. [Corneal esthesiometry. Performance and practical importance]. Bull 
Soc Ophtalmol Fr. 1961;6:541-550. 
3.  Millodot M, Larson W. New measurements of corneal sensitivity: a preliminary report. Am J 
Optom Arch Am Acad Optom. 1969;46:261-265. 
4.  Murphy PJ, Armstrong E, Woods LA. A comparison of corneal and conjunctival sensitivity to a 
thermally cooling stimulus. Adv Exp Med Biol. 2002;506:719-722. 
5.  Patel DV, Tavakoli M, Craig JP, Efron N, McGhee CN. Corneal sensitivity and slit scanning in 
vivo confocal microscopy of the subbasal nerve plexus of the normal central and peripheral human 
cornea. Cornea. 2009;28:735-740. 
6.  Muller LJ, Pels E, Staff CB. Distribution of Stromal and Subbasal Nerves in Fresh Human 
Corneas. ARVO Meeting Abstracts. 2005;46:877. 
7.  Patel DV, McGhee CN. Mapping of the normal human corneal sub-Basal nerve plexus by in vivo 
laser scanning confocal microscopy. Invest Ophthalmol Vis Sci. 2005;46:4485-4488. 
8.  Rozsa AJ, Beuerman RW. Density and organization of free nerve endings in the corneal 
epithelium of the rabbit. Pain. 1982;14:105-120. 
9.  Belmonte C, Acosta MC, Gallar J. Neural basis of sensation in intact and injured corneas. Exp Eye 
Res. 2004;78:513-525. 
10. Belmonte C, Tervo T. Pain in and around the eye. In: McMahon S, Koltzenburg M (eds), Wall 
and Melzack's Textbook of Pain. 5th ed. London: Elsevier Science; 2005:887-901. 
 
 163 
11. Hirata H, Hu JW, Bereiter DA. Responses of medullary dorsal horn neurons to corneal 
stimulation by CO(2) pulses in the rat. J Neurophysiol. 1999;82:2092-2107. 
12. Hirata H, Takeshita S, Hu JW, Bereiter DA. Cornea-responsive medullary dorsal horn neurons: 
modulation by local opioids and projections to thalamus and brain stem. J Neurophysiol. 
2000;84:1050-1061. 
13. Meng ID, Hu JW, Benetti AP, Bereiter DA. Encoding of corneal input in two distinct regions of 
the spinal trigeminal nucleus in the rat: cutaneous receptive field properties, responses to thermal 
and chemical stimulation, modulation by diffuse noxious inhibitory controls, and projections to 
the parabrachial area. J Neurophysiol. 1997;77:43-56. 
14. Meng ID, Hu JW, Bereiter DA. Differential effects of morphine on corneal-responsive neurons in 
rostral versus caudal regions of spinal trigeminal nucleus in the rat. J Neurophysiol. 1998;79:2593-
2602. 
15. Acosta MC, Peral A, Luna C, Pintor J, Belmonte C, Gallar J. Tear secretion induced by selective 
stimulation of corneal and conjunctival sensory nerve fibers. Invest Ophthalmol Vis Sci. 
2004;45:2333-2336. 
16. Dartt DA. Neural regulation of lacrimal gland secretory processes: Relevance in dry eye diseases. 
Progress in Retinal and Eye Research. 2009;28:155-177. 
17. Lemp MA, Baudouin C, Baum J, et al. The definition and classification of dry eye disease: Report 
of the Definition and Classification Subcommittee of the International Dry Eye WorkShop (2007). 
Ocul Surf. 2007;5:75-92. 
18. Stern ME, Beuerman RW, Fox RI, Gao J, Mircheff AK, Pflugfelder SC. The pathology of dry 
eye: the interaction between the ocular surface and lacrimal glands. Cornea. 1998;17:584-589. 
19. Stern ME, Gao J, Siemasko KF, Beuerman RW, Pflugfelder SC. The role of the lacrimal 
functional unit in the pathophysiology of dry eye. Exp Eye Res. 2004;78:409-416. 
20. Adatia FA, Michaeli-Cohen A, Naor J, Caffery B, Bookman A, Slomovic AR. Correlation 
between corneal sensitivity, subjective dry eye symptoms and corneal staining in Sjogren 
syndrome. Can J Ophthalmol. 2004;39:767-771. 
 
 164 
21. Benitez-del-Castillo JM, Acosta MC, Wassfi MA, et al. Relation between Corneal Innervation 
with Confocal Microscopy and Corneal Sensitivity with Noncontact Esthesiometry in Patients 
with Dry Eye. Invest Ophthalmol Vis Sci. 2007;48:173-181. 
22. Bourcier T, Acosta MC, Borderie V, et al. Decreased Corneal Sensitivity in Patients with Dry 
Eye. Invest Ophthalmol Vis Sci. 2005;46:2341-2345. 
23. Pflugfelder SC, Tseng SC, Sanabria O, et al. Evaluation of subjective assessments and objective 
diagnostic tests for diagnosing tear-film disorders known to cause ocular irritation. Cornea. 
1998;17:38-56. 
24. Tuisku IS, Konttinen YT, Konttinen LM, Tervo TM. Alterations in corneal sensitivity and nerve 
morphology in patients with primary Sjogren's syndrome. Exp Eye Res. 2008;86:879-885. 
25. Xu KP, Yagi Y, Tsubota K. Decrease in corneal sensitivity and change in tear function in dry eye. 
Cornea. 1996;15:235-239. 
26. Stapleton F, Tan M, Papas E, et al. Corneal and conjunctival sensitivity to air stimuli. Br J 
Ophthalmol. 2004;88:1547-1551. 
27. Murphy PJ, Lawrenson JG, Patel S, Marshall J. Reliability of the non-contact corneal 
aesthesiometer and its comparison with the Cochet-Bonnet aesthesiometer. Ophthalmic Physiol 
Opt. 1998;18:532-539. 
28. Belmonte C, Garcia-Hirschfeld J, Gallar J. Neurobiology of ocular pain. Progress in Retinal and 
Eye Research. 1997;16:117-156. 
29. Price DD, Greenspan JD, Dubner R. Neurons involved in the exteroceptive function of pain. Pain. 
2003;106:215-219. 
30. Craig AD. Pain mechanisms: labeled lines versus convergence in central processing. Annu Rev 
Neurosci. 2003;26:1-30. 
31. Craig AD. Interoception: the sense of the physiological condition of the body. Current Opinion in 
Neurobiology. 2003;13:500-505. 
32. Murphy PJ, Patel S, Marshall J. A new non-contact corneal aesthesiometer (NCCA). Ophthalmic 
Physiol Opt. 1996;16:101-107. 
 
 165 
33. Vega JA, Simpson TL, Fonn D. A noncontact pneumatic esthesiometer for measurement of ocular 
sensitivity: a preliminary report. Cornea. 1999;18:675-681. 
34. Gescheider GA. Psychophysics: the fundamentals. Third ed. Mahwah, New Jersey; London: 
Lawrence Erlbaum Associates; 2004. 
35. Falmagne JC. Psychophysical measurement and theory. In: Boff KR, Kaufman L, Thomas JP 
(eds), Sensory Processes and Perception New York, Chichester, Brisbane, Toronto, Singapore: 
John Wiley and Sons; 1986:3-66. 












Permission for reprints 
 




Subject: RE: request to reuse content I previously published in IOVS 
From: "Debbie Chin" <dchin@arvo.org> 
To: "Ping Situ" <psitu@uwaterloo.ca> 
 
-->  
Dear Dr. Situ, 
  
You may reprint your own IOVS article in your PhD dissertation. Please include a full article citation 
and acknowledge ARVO as the copyright holder. If you need anything else regarding your article, 




IOVS Editorial Office  
12300 Twinbrook Parkway, Suite 250  
Rockville, MD 20852-1606  











200 Columbia St. W 





Re: Optometry and Vision Science 
Spec Mat: OPX, 2008; 85(9):867-72 




Permission is granted for your requested use.  Retain this copy for your records.  This permission is 
subject to the following conditions: 
 
1) A credit line will be prominently placed and included: for books – the author(s), title of book, 
editor, copyright holder, year of publication; for journals – the author(s), title of article, title 
of journal, volume number, issue number and inclusive pages. 
 
2) The requestor warrants that the material shall not be used in any manner which may be 
considered derogatory to the title, content, or author(s) of the material or to Wolters Kluwer 
Health. 
 
3) Permission is granted for one time use only as specified in your correspondence.  Rights 
herein do not apply to future reproductions, editions, revisions, or other derivative works. 
 
4) Permission granted is non-exclusive, and is valid throughout the world in the English 
language only. 
 
5) Wolters Kluwer Health cannot supply the requestor with the original artwork or a “clean 
copy.” 
 
6) The requestor agrees to secure written permission from the author (for book material only). 
 
Permission is valid if the borrowed material is original to a Wolters Kluwer Health imprint 
(Lippincott, Williams & Wilkins, Lippincott-Raven Publishers, Williams & Wilkins, Lea & Febiger, 
Harwal, Igaku-Shoin, Rapid Science, Little Brown and Company, Harper & Row Medical American 
Journal of Nursing Co, and Urban & Schwarzenberg – English Language). 
 
Permission for Chapter 6 part 2 
